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THE DIFFUSION CONSTANT AND ELECTROPHORETIC 
MOBILITY OF PHOSPHORYLASES a AND b* 


By ARDA ALDEN GREEN 


(From the Department of Pharmacology, Washington University School of Medicine, 
St. Louis) 


(Received for publication, December 19, 1944) 


Phosphorylase a, crystallized from dilute salt solutions in the presence 
of cysteine, exhibits about 65 per cent of its maximum activity in the 
absence of added adenylic acid (1). Phosphorylase 6 is inactive without 
added adenylic acid; it may be prepared by allowing the PR (or prosthetic 
group-removing) enzyme to act on phosphorylase a (2). 

The molecular weight of crystalline muscle phosphorylase a has been 
determined by Oncley (1) by means of ultracentrifugal and diffusion 
measurements. In the present paper the two forms of the enzyme are 
compared with respect to their diffusion constants and migration velocities. 

Diffusion of Phosphorylase b—The diffusion constant of phosphorylase b 
was determined in the Tiselius apparatus in the manner described by 
Longsworth (3) for crystalline egg albumin. The Tiselius cell with the 
single long central chamber was filled with protein, the boundaries were 
shoved out by means of the compensator sufficiently far to be readily 
visible even after prolonged standing, and the rate of diffusion measured 
on photographs taken by the schlieren scanning method. Results were 
talculated by means of the equation D = (A?)/(4rt H?) where A is the 
area under the curve, H the maximum height, ¢ the time in seconds, and D 
the diffusion constant in sq. cm. per second (4). 

In order to check the method, the diffusion constants for crystallized 
human serum albumin and horse y-pseudoglobulin were determined. 
The human serum albumin used was four times crystallized from ammonium 
Sulfate and was free from carbohydrate and phosphate. The horse y- 
pseudoglobulin was precipitated many times with ammonium sulfate and 
dialyzed repeatedly and the pH adjusted to remove all of the euglobulin; 
it was finally precipitable in 1.15 m ammonium sulfate at pH 6.6 in the 
told, was phosphate-free, contained 1.1 per cent carbohydrate, and showed 
&single boundary on electrophoresis. 

The phosphorylase b used in these determinations was prepared by the 
action of PR enzyme on recrystallized muscle phosphorylase a. The PR 
enzyme was purified to such an extent that an amount of protein equal 
to 3 per cent of the phosphorylase protein was sufficient to convert the 


* This work was supported by a grant from the Rockefeller Foundation. 
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phosphorylase a to phosphorylase b. After the PR action was complete, 
the enzyme solution was dialyzed at 4° against phosphate buffer at pH 
7.1 and 1 per cent KCl. The protein concentration was 4 mg. per cee, 

The results are presented in Table I. They are the average of a series 
of measurements on each of the two boundaries. In the case of phosphory- 
lase b the averages of the measurements on each of the two boundaries 
are recorded separately, because they did not agree as well as in the cases 
of the other proteins. Seven measurements were made at intervals from 
6 to 53 hours. The standard deviation is given in Table I. The values 
for serum albumin and y-pseudoglobulin, corrected to 20° on the basis 
of the viscosity of the solvent, agree satisfactorily with Oncley’s determi- 


TABLE I 
Diffusion Constants of Phosphorylase b and Other Proteins 











Protein Buffer m3 pH Protein Dis X 107 Ons x Dm.» x 
r/: me | sq. cm. per sec. | $2. Om | 2m 
Serum albumin, Potassium 0.1 7.1 9 3.62 5.9 6.1 
crystalline, phosphate 
human | 
y-Pseudoglobulin, “4 7 0.1 7.1 | 12.5 | 2.48 4.0 | 4.1 
horse 
Phosphorylase b, “ PP 0.23 | 7.1 4 2.0 +0.10 3.2 
rabbit muscle + KCl 2.1620.11/; 3.5 | 
Phosphorylase a, Na glycero- 0.2 |7.0| & 3.2 
crystalline, rab- phosphate | 3.3 
bit muscle + KCl + | 3.5 


cysteine 





* Results in the last column are those determined by Oncley (1, 5). 


nations (5) on the same proteins. The results on phosphorylase b also agree 
with Oncley’s determinations on phosphorylase a. The interference due 
to cystine which was a factor in Oncley’s measurements was eliminated 
and that due to the added PR enzyme was inappreciable. Thus it appears 
that the diffusion constant, and presumably the molecular weight of 
phosphorylase b, is the same, within the limits of experimental error, as 
that of phosphorylase a. 

Migration Velocity of Phosphorylase—The crude water extract of rabbit 
muscle has previously been reported to contain about 2 per cent of phos- 
phorylase. The electrophoretic pattern of water extract is given in Fig. 
1,iand 2. The small peaks identified by an arrow have the same mobility 
as reported below for phosphorylase a. Electrophoretic pictures (Fig. 1, 
3 and 4) are also presented for the 41 per cent ammonium sulfate precipitate. 
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Fic. 1. Photographs of electrophoretic patterns (ascending boundary) of rabbit 
muscle proteins in phosphate buffers of ionic strength 0.1. 1, 2, original water ex- 
tract at pH 7.4 and7.1 volts percm., migration for2and 4 hoursrespectively. 3,4, 41 
per cent saturated ammonium sulfate precipitate at pH 7.4 and 7.1 volts per cm., 
migration for 2 and 4 hours respectively. The arrows in / to 4identify phosphorylase 
a. §,6,7, phosphorylase b containing some phosphorylase a and some impurity at 
pH 6.56 and 3.5 volts per cm. at 2,6, and 10 hours respectively. The larger and slower 
moving peak is phosphorylase b. 8,9, 10, phosphorylase a dissolved in phosphorylase 
bat pH 7.1 and 3.5 volts per cm. at 2, 5, and 8 hours respectively. The larger and 
faster moving peak is phosphorylase a. The slower and smaller peak is phos- 
phorylase b. 


Enzyme activity tests have shown that one-quarter to one-third of this 
iraction is phosphorylase (1). 
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Since crystalline phosphorylase a is very insoluble in the cold even in 
the presence of cysteine (1), it was impossible to determine its migration 
velocity under the usual conditions. Therefore use was made of the 
increased solubility of one protein in the presence of another. Phos- 
phorylase a was dissolved in a solution of phosphorylase b so that the 
final concentration of total protein was of the order of 2 to 5 mg. per ce, 
Measurements were made in potassium phosphate buffers of ionic strength 
equal to 0.1, at 2°, in the Tiselius electrophoresis cell with the single long 
central chamber, first on phosphorylase b and then on the same protein 
after the addition of phosphorylase a. Photographs were taken with the 
Philpot lens in the optical system. 
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105 at 2° in phosphate buffers of ionic strength 0.1 


Phosphorylase b was prepared by repeated ammonium sulfate fraction- 
ation of the mother liquors from the first crystallization of phosphorylase 4. 
The protein was about 80 to 90 per cent active as phosphorylase of which 
about 10 to 20 per cent was phosphorylase a. Although phosphorylase 
b so prepared did not have the desired degree of purity, it was necessary 
to prepare it from the above source. When phosphorylase b was prepared 
by the action of PR enzyme on crystalline phosphorylase a, it contained 
enough PR enzyme to cause a disappearance of the phosphorylase a which 
was added in electrophoretic studies of mixtures of the two enzymes. 

The electrophoretic pattern of these phosphorylase } preparations 
showed uniformly a slightly asymmetric peak which upon prolonged elec- 
trophoresis eventually changed into two peaks, the larger one always being 
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the slower one, Fig. 1, 5, 6, and 7. Comparison of the areas under the 
eurves with enzyme activity and protein concentration showed that the 
larger slower moving peak was phosphorylase b and the faster moving 
peak phosphorylase a and some impurity. When crystalline phosphorylase 
a was added to this same enzyme solution and the areas and protein con- 
centration compared, the faster moving fraction proved to be phosphorylase 
a, Fig. 1, 8, 9, and 10. The protein in the descending boundary moved 
about 5 per cent more slowly than that in the ascending boundary. The 
results have been averaged and plotted in Fig. 2. They include measure- 
ments on three different preparations of phosphorylase b and on three to 
six times recrystallized phosphorylase a.! 

Isoelectric Point of Phosphorylase—It is impossible to determine mobility 
on the acid side of the isoelectric point because the enzyme is unstable at 
acid reactions. However, if the curves in Fig. 2 are extrapolated to zero 
mobility, it is evident that the isoelectric point of phosphorylase b in 
phosphate buffers of ionic strength 0.1 is approximately 5.8 and that of 
phosphorylase a somewhat lower. It is shown in the following paper of 
this series that the PR enzyme splits off organic phosphate from phospho- 
rylase a. The difference in the isoelectric point and mobility is probably 
explained by the removal of the phosphate-containing prosthetic group. 


SUMMARY 


|. The diffusion constant of phosphorylase } is the same as that of 
phosphorylase a. 

2. Phosphorylase a has a higher mobility on electrophoresis than phos- 
phorylase b. 

3. The isoelectric point of phosphorylase b is approximately 5.8 and that 
of phosphorylase a somewhat lower. 
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‘The enzyme preparations and activity measurements were made by Dr. 
G. T. Cori. 
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THE ENZYMATIC CONVERSION OF PHOSPHORYLASE a TO b* 


By GERTY T. CORI anp CARL F. CORI 


From the Department of Pharmacology, Washington University School of Medicine, 
St. Louis) 


(Received for publication, December 19, 1944) 


The distinctive properties of phosphorylases a and b, as described in a 
previous paper (1) and in those of the present series, are summarized in 
Table I. Phosphorylase a is converted to phosphorylase b by an enzyme 
(referred to as PR) which is present in an aqueous extract of muscle and 
which can be separated from phosphorylase by isoelectric precipitation of 
PRat pH5.8. Trypsin at pH 6.0 to 6.2 also converts phosphorylase a to b. 

The present paper deals with the purification and properties of the PR 
enzyme as well as with the action of PR and trypsin on phosphorylase a. 


EXPERIMENTAL 

Purification—The isoelectric precipitate obtained in the routine prep- 
aration of phosphorylase a is centrifuged and washed twice with water in 
the cold room. Most of the protein dissolves when the pH is brought to 
8.5 by addition of weak KOH and the precipitate is rubbed vigorously with 
aglass rod. The solution is frozen solid, and upon thawing a large pre- 
cipitate is formed which can be discarded without much loss of activity. 
Fractionation with ammonium sulfate effects considerable purification. 
An example is given in Table II. 

Most of the enzyme is precipitated at 55 to 60 per cent saturation with 
ammonium sulfate. The dissolved and dialyzed precipitate when frozen 
yields a large precipitate on thawing which can be discarded without loss 
of activity. Some inert material still remains which is precipitated by 
low concentration of ammonium sulfate and is rendered insoluble by freez- 
ing and thawing, as shown in step (3) in Table II. The precipitate, ob- 
tamed between 30 and 56 per cent saturation with ammonium sulfate, 
when dissolved, dialyzed, and frozen, remains clear after thawing. In 
some cases the activity per mg. of protein has been raised to 1400 units by 
ammonium sulfate fractionation. 

A dialyzed preparation of a purity level of 1060 units per mg. of protein 
was brought successively to pH 6.15, 5.7, and 5.2 by the addition of dilute 
HCl in the cold. The pH was measured on the glass electrode. The 
precipitate formed at each pH was centrifuged off and analyzed for pro- 
tem and enzyme activity. The results are shown in Table III. The 


* This work was supported by a grant from the Rockefeller Foundation. 
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largest amount of enzyme was precipitated between pH 5.7 and 5.2, but 


no purification was achieved because part of the enzyme was inactivated 


TABLE | 


Comparison of Properties of Phosphorylases a and b 
I I \ ! 


Phosphorylase a Phosphorylase } 








Molecular weight calculated from diffusion 4X 10° 
and ultracentrifugation 


Diffusion constant, Deo.. * 107 3.3 3.3 
Electrophoretic mobility, sq. em. per volt —3.25 —2.75 
per sec. X 10°, phosphate buffer pH 7.15, 
uw 0.1; temperature 2° 
Isoelectric point 5.5-5.6 5.8 
Solubility at pH 7.2, water Insoluble Soluble 
0.1 m KCI, 24° Poorly soluble i» 
0.08 m KCl + 0.02 m cysteine, 24° Soluble 
0.08 m KCl + 0.02 m cysteine, 0° Crystallizes - 
Crystal form Long needles Rhomboid plates 
Activity, without adenylic acid, % 65 None 
With adenylic acid, % 100 80 
Dissociation constant for combination with | 1.5 X 10-* 5 X 10-5 
adenylic acid, pH 6.7, 25° 
Phosphorus content, % 0.08 0.02 


TaB_e II 
Sample Protocol of Purification of PR Enzyme 
The isoelectric precipitate obtained at pH 5.8 from the dialyzed extract of 400 gm. 
of rabbit muscle was dissolved and frozen. 








Prot Enzyme Units per 
— activity | mg. protein 
me. untiis 
1. After thawing solution, and removing large ppt., 226 62,000 274 
38 ec. 
2. Solution (1) pptd. with 55% saturated (NH,).S0,; 104 58, 500 563 


ppt. dissolved, dialyzed against H,O, and frozen; 
centrifuged after thawing; ppt. discarded, 17.5cc. 

3. Solution (2) pptd. with 30% saturated (NH,).S80,; 21 17,200 820 
ppt. dissolved, dialyzed, and frozen; centrifuged 
after thawing; ppt. discarded, 7.6 cc. 

4. Supernatant fluid of 30% saturated (NH,).SO, 29 26, 500 910 
brought to 56% saturation; ppt. dissolved, di- 
alyzed, and frozen; clear after thawing, 7 cc. 


at the acid pH. This is shown by the fact that for a recovery of 90.7 
per cent of the protein there was regained only 66.1 per cent of the enzyme 


activity. 
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Stability tests also indicated a loss of activity at acid pH in enzyme so- 
lutions of about the same purity level as those used in the experiment in 
Table III. When kept at 28.5° for 2.5 hours, the enzyme lost about 30 
per cent of its activity at pH 8.4 to 7.1 and 80 per cent at pH 5.9. At 
pH 7.1 and 5° the enzyme lost 47 per cent of its activity in days. Heating 
at pH 7.1 to 56° for 10 minutes caused a loss of 42 per cent of PR activity. 
The pH optimum for activity was between 6.8 and 7.0; considerable 
enzyme activity could be demonstrated at pH 6 and 7.4. 

Pentose Content of PR Enzyme Fractions—It was found that the iso- 
electric precipitate (pH 5.8) of a dialyzed muscle extract contained ribo- 
nucleic acid. Crude PR preparations showed 6 to 7 y of pentose per mg. 
of protein, when the determinations were carried out by the method of 


TaBLe III 
Effect of Isoelectric Precipitation 
A dialyzed PR preparation was used which contained 5 mg. of protein and 5300 
units per cc., corresponding to 1060 units per mg. of protein. For the description 


see the text 
H at whi recipitate Dratein cantina Enzyme units Units per mg. 
was collected vi ila . recovered protein 
per cent per cent 
6.15 14.7 13.7 980 
5.7 20.8 15.7 800 
5.2 19.7 21.3 1140 
Supernatant fluid 35.5 15.4 470 
of pH 5.2 ppt. 
90.7 66.1 


Mejbaum (2) with muscle adenylic acid as standard.' After purification 
the pentose content was reduced to 2 to 3 y per mg. of protein. In a 
fractionation the precipitates formed with 26 to 38, 38 to 50, and 50 to 62 
per cent saturated ammonium sulfate contained 1.8, 2.9, and 5.8 y of 
pentose per mg. of protein, respectively. The most active enzyme was in 
the middle fraction. After incubation with the crystalline ribonuclease 
of Kunitz (3), 80 to 100 per cent of the pentose appeared in the trichloro- 
acetic acid filtrate of the proteins, while before incubation with ribonuclease 
all of the pentose remained in the trichloroacetic acid precipitate. The 
PR activity was not affected by incubation with ribonuclease, which split 
most of the nucleic acid. 

Kinetics of PR—Since the original observations were made it has been 


‘On the basis of phosphorus content, yeast nucleic acid gives only 40 per cent of 
the pentose color of muscle adenylic acid. 








324 CONVERSION OF PHOSPHORYLASE a TO 


found that the enzyme has very low activity in the absence of cysteine 
and that its activity in the presence of cysteine is accelerated 2 to 3 times 
by manganese ions. It was also found that 0.03 m glycerophosphate, the 
buffer which was used in previous experiments, markedly inhibits PR 
activity and changes the kinetics of the enzyme. 

Under specified conditions the conversion of phosphorylase a to b by 
the PR enzyme follows the first order reaction rate equation; this permits 
the PR enzyme units to be expressed in terms of the velocity constant. 


125+ ” 
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MINUTES OF INCUBATION WITH PR MINUTES OF INCUBATION WITH PR 
Fig. ] Fig. 2 


Fic. 1. Effect of PR enzyme during incubation with phosphorylase a. 1 ce. of re- 
action mixture contained 80 y of phosphorylase a and 16 y of PR protein in 0.03 ™ 
cysteine at pH 6.8. Incubated at 26°. Curve A, time of incubation plotted against 
phosphorylase a units. Curve B, time of incubation plotted against log:o of phos- 
phorylase aunits. For a description see the text. 

Fie. 2. The logis of the concentration of phosphorylase a was plotted against time 
during incubation with PR enzyme at pH 6.8 and 26°. Curve A, 4 times as much 
PR and the same initial phosphorylase a concentration as for Curve B. Curve C, 
the same amount of PR and 4 times as much phosphorylase a asfor CurveB. KX 10° 
calculated from the slope. In the experiment of Curve C 190 y of phosphorylase a 
and 13.6 y of PR protein were present per cc. of reaction mixture. 


An example is given in Fig. 1. Aliquots of the reaction mixture were 
removed at stated intervals and tested for their phosphorylase a activity 
(in the absence of adenylic acid). In the phosphorylase a test (4) the 
glucose-1-phosphate concentration is 0.016 m, the glycogen concentration 
1 per cent, and the incubation period 5 minutes. Since no adenylic acid 
is added, phosphorylase b (which is formed by the action of the PR enzyme) 
does not act. Divalent ions (among others glucose-1-phosphate) inhibit the 
PR enzyme and their concentration is sufficiently high in the phosphorylase 
a test to prevent further action of PR on phosphorylase a. When the 
logio of the phosphorylase a concentration is plotted against time, a straight 
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line is obtained. K X 10° for the experiment in Fig. 1 is equivalent to 
19.4 PR units per cc. or to 1210 units per mg. of protein.? 

In Fig. 2, Curves B and C, is shown an experiment in which the initial 
phosphorylase a concentration was varied 4-fold. The per cent of phos- 
phorylase a converted to b was within these limits independent of the 
initial phosphorylase a concentration, as shown by the values of K. In 
Curve C, the PR protein fraction added (undoubtedly quite impure) was 
only 6.7 per cent of the total protein in the reaction mixture; nevertheless, 
76 per cent of phosphorylase a was converted to b in 30 minutes at 26°. 
It follows that a relatively small contamination with PR can lead to serious 
losses in the preparation of phosphorylase a crystals. 

In Curve A, Fig. 2, it is shown that the reaction remains first order even 
when the phosphorylase a concentration has fallen to 5 per cent of its 
original value and that the value of K is proportional to the dilution of the 
PR enzyme. 

In previous experiments (1) the PR activity appeared relatively weak 
because it was measured in a 0.03 m glycerophosphate buffer. The ex- 
periment in Fig. 3 shows that the addition of 0.03 m phosphate esters to 
the reaction mixture inhibits the PR activity. After 10 minutes of in- 
cubation with PR alone about 80 per cent of phosphorylase a had disap- 
peared, in the presence of phosphate esters only 10 to 20 per cent. The 
order of inhibition was mannose-l-phosphate > glycerophosphate > 
glucose-l-phosphate.’ The inhibition is not specific for phosphates since 
ammonium sulfate (0.03 m) has also been found to inhibit the PR activity.‘ 


? Protein was determined by the method of Robinson and Hogden (5). 

* When glucose-1-phosphate was the inhibiting agent, only glycogen was added in 
the phosphorylase test to start the reaction. It was found that the order of addition 
of the components of the phosphorylase system makes an appreciable difference 
in the initial reaction rate. When phosphorylase or glucose-l1-phosphate was added 
as the last component to the reaction mixture, the initial rate of the reaction, meas- 
ured at 1, 3, and 5 minutes, was the same and followed the first order reaction rate. 
When glycogen was added as the last component, the rate of the reaction was initially 
much slower than in the other two cases and increased with time, giving a slightly 
S-shaped rate curve. 

* These results have some bearing on the preparation of phosphorylase a crystals. 
As described previously, the PR enzyme is separated from phosphorylase by pre- 
cipitation at pH 5.8. Any PR which is not removed in this manner is concentrated 
along with phosphorylase by precipitation with ammonium sulfate. When the 
ammonium sulfate precipitate is dissolved and dialyzed, the PR will begin to act 
only when the salt concentration has dropped considerably. At that point crystalli- 
zation of phosphorylase a removes it from the action of PR. Itshould be emphasized 
in this connection that, although cysteine markedly accelerates the activity of PR, 
it is necessary for the preparation of phosphorylase a in crystalline form. Once the 
enzyme has been crystallized, it can be recrystallized once or twice without adding 
cysteine. 
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That one is dealing with a salt effect is shown by the fact that glucose, in 
contrast to glucose-1-phosphate, does not inhibit the PR activity. Gly- 
cogen is also without effect. 

Fig. 3 also shows that when PR is acting in the presence of inhibitory 
salts the reaction is no longer first order, but is linear with time. 

Effect of Cysteine, Manganese, and Other Ions—In order to test the effect 
of cysteine on PR activity, phosphorylase a crystals (which are kept in 
the cold suspended in a cysteine-glycerophosphate buffer) were washed 
repeatedly with 0.03 m KCl in the cold room. The enzyme was dissolved 
in bicarbonate solution at 35° and an insoluble residue consisting mostly 
of cystine was discarded. Manganese ions and PR enzyme were added, 
and an aliquot of this mixture was made 0.015 m with respect to cysteine. 
The pH in both samples was 7.1. The sample incubated without cysteine 
showed only a trace of PR activity during 50 minutes of incubation at 26°. 
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Fic. 3. Effect of incubation of phosphorylase a with PR (45.5 y per ec.) in the 


presence and absence of 0.03 m phosphate esters, pH 6.7 and 27 

In the sample incubated with cysteine the PR activity was rapid and led 
to an almost complete disappearance of phosphorylase a during 20 minutes 
of incubation. The activity of the PR enzyme was accelerated 15 to 20 
times by the presence of cysteine. 

The optimal concentration of Mn** ions was from 2.5 to 5 X 10% M 
and caused a 2- to 3-fold increase in PR activity. Mg** ions, in these 
concentrations, were inhibitory, while Co** ions had no effect. For 
example, for a particular PR preparation with no ions added AK X 10° was 
31, while with 5 X 10~ M of the following ions it was Mn** 74, Mg** 20, 
Co*+* 30. In the presence of 0.03 m glycerophosphate Mn** ions did not 
have an accelerating effect on PR activity. 

Effect of Trypsin—Trypsin converts phosphorylase a to b at a rate which 
falls off more rapidly than predicted by a first order reaction and the 
activity is not directly proportional to the trypsin concentration. Most 
experiments were performed at pH 6.2, because at that pH the proteolytic 
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activity of trypsin is reduced to a minimum. A few experiments were 
earried out at lower (6.0) and higher (6.5) pH without any marked change 
in the kinetics of the reaction. Mn*~ ions did not accelerate the trypsin 
action on phosphorylase a. 

On comparing the relative activities of crystalline trypsin and of PR 
(per mg. of protein), one finds that the best preparations of the latter (in 
the presence of Mn** ions) are about one-half as active as trypsin, if the 
initial rate of the reaction is taken as a measure. Ifthe time for complete 
conversion of phosphorylase a to b is taken as a basis of comparison, PR 
is about as active as trypsin. 

As in the case of the experiments with the PR enzyme, the action of 
trypsin on phosphorylase a did not continue during the phosphorylase 
test. An example is given in Table 1V. In Experiment 1 a concentration 
of 4 y of trypsin per cc. caused a rapid disappearance of phosphorylase a, 
about 75 per cent during 20 minutes of incubation. The time curve for 
the action of trypsin would not be valid if trypsin continued to act during 
the phosphorylase test, which lasts 5 minutes. That this error did not 
arise is shown in Table IV, Experiment 2. A time curve for phosphorylase 
activity in the presence of the same concentration of trypsin did not show 
an appreciable falling off in rate in 50 minutes. The inhibitory effect of 
glucose-1-phosphate on the action of trypsin on phosphorylase a is probably 
responsible for the lack of action of trypsin under these conditions. An 
example is given in Fig. 4; it may be seen that glucose-1-phosphate is much 
more inhibitory than either mannose-l-phosphate or glycerophosphate. 

Enzymatic Tests for Adenylic Acid—In a previous paper (1) an attempt 
was reported to demonstrate free adenylic acid in a digestion mixture of 
phosphorylase a and trypsin. Although the results were negative, it was 
decided to repeat the experiments with a somewhat modified technique. 
PR enzyme preparations could not be used for this purpose because they 
contained adenylic deaminase. 

A digestion mixture of phosphorylase a and trypsin was ultrafiltered 
with air pressure through a cellophane membrane (a) without and (b) 
with the addition of a known amount of adenylic acid. The ultrafiltrates 
were tested for the presence of free adenylic acid by adding them to the 
phosphorylase a test system which had been standardized with known 
amounts of adenylic acid. The test sytem showed 34.2 per cent splitting of 
l-ester in 5 minutes without, 46.6 per cent with 3 X 10-* M, and 55 per 
cent with 10-5 m adenylic acid. Ultrafiltrate (a), when added to the 
test system, gave a splitting of 34.2 per cent, ultrafiltrate (b) of 52 per 
cent. By calculation the former should have given a final concentration 
of adenylic acid of 6 XK 10-* m (assuming 1 adenylic acid molecule per 
molecule of enzyme) and the latter (assuming that no adenylic acid was 
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set free by trypsin) of 3 X 10-*m. The experiment shows that the added 
adenylic acid was recovered in the ultrafiltrate. There was no evidence 
for the liberation of adenylic acid when phosphorylase a was incubated 
with trypsin. 


TaBLe IV 
Effect of Trypsin on Phosphorylase a 
In Experiment 1 phosphorylase a was incubated with 4 y of crystalline trypsin 
per cc. in 0.03 m cysteine, pH 6.2 at 27°. Samples were withdrawn at stated intervals 
in order to determine the phosphorylase a concentration. In Experiment 2 phos- 
phorylase a was acting on glucose-1-phosphate at pH 6.2 and 27° without and with 
the addition of 4 y of trypsin per cc. 





Experiment 1 Experiment 2 
Phosphorylase incubated > . . - » hp tow 
with trypsin Phosphorylase alone Phosphorylase trypsin 
- Phosphory- - -Es 
atin lase 6 con- Time capenel KX 10 Time conte K + 10 
centration 
min. per cent min. per cent min. per cent 
0.5 94 5 8.5 9.3 5 8.3 9.0 
10 38 10 16.1 9.2 10 15.4 8.8 
20 25 20 29.5 9.4 20 28.0 8.8 
30 18 32 41.6 9.3 32 40.2 8.8 
50 55.0 9.2 50 51.7 8. 
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MINUTES OF INCUBATION WITH TRYPSIN 


Fic. 4. Effect of incubation of phosphorylase a with crystalline trypsin (12.5 7 
per cc.) in the presence and absence of 0.03 m phosphate esters, pH 6.2 and 28°. Curve 
A, trypsin alone; Curve B, glycerophosphate ; Curve C, mannose-1-phosphate ; Curve 
D, glucose-1-phosphate. 


Liberation of Organic Phosphate from Phosphorylase a—Previous anal- 
yses (1) showed that phosphorylase a contained an average of 0.7 and 
phosphorylase b an average of 0.2 y of organic P per mg. of protein. If 
this difference were significant, one would expect that PR would liberate 
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phosphate while acting on phosphorylase a. This has been found to be 
the case. 

The molybdate-stannous chloride method described by Fontaine (6) 
was used; it permits the determination of 0.5 to 1 y of P and has the ad- 
vantage that the sulfuric acid concentration is high (final concentration 
2 n), which is favorable in the ashing of protein. Colorimetric readings 
were made at wave-length 820 my in the Beckman spectrophotometer or at 
660 in the Kiett-Summerson photoelectric colorimeter; the agreement of 
the P calculated from these two readings was satisfactory. 

Five to six times recrystallized phosphorylase a was used for these ex- 
periments. In some cases the usual glycerophosphate-cysteine buffer 
was replaced by a succinate-cysteine buffer for recrystallizations; in other 
eases the whole preparation was carried through with the latter buffer; 
finally the crystals were washed in the centrifuge in the cold with repeated 
changes of 0.03 m KCl. If glycerophosphate was used for the last crystalli- 
zation, the washings were continued until calculations showed that the 
glycerophosphate would have been diluted beyond the limit of detection. 
There was no essential difference in the total P content of these different 
preparations (see Table V). When phosphorylase a was incubated with 
the intestinal phosphatase preparation of Schmidt and Thannhauser (7), 
about 5 per cent of the total organic P appeared as inorganic P; a conver- 
sion of phosphorylase a to 6 did not oceur. 

Various methods of deproteinization were tried, but they all yielded 
organic P in the protein-free filtrate. When precipitation with trichloro- 
acetic acid (final concentration 2.5 per cent) was carried out in an ice bath 
and the protein centrifuged off in the cold room, one-half as much P was 
found as when the operations were carried out at room temperature (Table 
V). 

Precipitation with trichloroacetic acid in the cold was used in the ex- 
periments with the PR enzyme and with trypsin, except in one case in 
which the P split off was removed by dialysis and was determined in the 
dialysate. Table VI shows that most of the phosphate appears in the 
protein-free filtrate when phosphorylase a is converted to form b by the 
PR enzyme or by trypsin and that there exists a parallelism between the 
per cent conversion of phosphorylase a to b and the liberation of phosphate. 
The organic P compound is dialyzable and is difficult to hydrolyze in acid 
(zero hydrolysis in 10 minutes in N H,SO, at 100° and about 75 per cent in 
t hours). Further identification was precluded by the small amount of 
material available. No characteristic absorption spectrum in the ultra- 
violet was detected for the material split off by PR. 

PR preparations do not show any proteolytic activity in Anson’s test 
(8) with hemoglobin as substrate. No measurable amount of non-protein 
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nitrogen is liberated from dialyzed rabbit serum, muscle protein fractions, 
or phosphorylase a during incubation with PR. The determinations were 
made on trichloroacetic acid filtrates after ashing, distillation of ammonia, 


TABLE V 
Phosphorus Content of Phosphorylase a and of Filtrates Obtained after Pre- 
cipitation of Protein 
P was determined after ashing of protein or filtrate and is expressed in micro- 
grams per mg. of protein. For the desc ription see the text. 


Phosphory] P in filtrate (CCly»COOH) 
seapuaetian He. Total P - - 7 P in other filtrates 


0° 052 

83 0.73 0.29 0.59 
S4 0.87 0.25 0.45 
85 0.93 0.22 0.57 
86 0.72 0.25 0.54 0.31 (HgCl.) 
87 0.75 0.33 = 
96 0.85 0.26 0.52 0.29 (Heat) 

0.80 0.25 0.53 


Tasie VI 
Total P in Filtrates and in Protein Precipitate after Incubation of Phosphorylase a 
with PR Enzyme or with Trypsin 
Filtrates were e prepared by precipitation of protein with CCl;C OOH in the cold. 








} 


Time of incubation | .— wer ai ee 
Phosphorylase ¢ Phosphorylase a P in CCl;COOH P in CCl,;,COOH 
pecpasation No. with rs trypsin converted to } filtrate precipitate 
min. per cent y per mg. protein y per mg. protein 
S4 45 (PR) 70 0.57 0.31 
85 30 (Tr) 90 0.61 
60 * 100 0.68 0.25 
86 60 (PR) 90 0.45* 0.30* 
87 60 85 0.56 
120 ni 100 0.69 0.20 
96 ie 75 0.51 
i, 95 0.65 
120 ~ 100 0.67 0.21 
soviet (for 100 % conversion) 0.68 0.22 


*No protein prec sipitent was used. P was determined in the dialysate and in the 
fluid remaining in the dialyzing bag, respectively. 


and nesslerization. Peptidase activity could not be detected when PR 
was incubated with leucylglycine or triglycine in the presence of Mn** 


;ons and with and without the addition of cysteine. 
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DISCUSSION 


The nature of the prosthetic group which is split off by PR or trypsin 
from phosphorylase a has not been elucidated. All attempts to demon- 
strate free adenylic acid (or pentose) among the split-products gave negative 
results. An average value of 0.3 y of pentose per mg. of protein has been 
reported (1) for four times recrystallized material; this value has been 
reduced further by additional recrystallizations. While 0.7 y of P per mg. 
of phosphorylase a is split off by PR or trypsin, 0.3 y of pentose would be 
equivalent to only 0.06 y of P. The question whether or not phosphorylase 
a contains adenylic acid must therefore be left open, in spite of the fact that 
the activity of phosphorylase b can be restored by addition of adenylic 
acid. 

That the principle involved in the action of the PR enzyme, namely, 
the splitting off of a prosthetic group from another enzyme, may be of 
physiological importance is shown in the paper which follows. It seems 
probable that other PR enzymes exist. Ratner, Nocito, and Green (9) 
found recently that the flavoproteins, glycine oxidase and d-amino acid 
oxidase, may be prepared from kidney in two forms, one of which is active 
without addition of flavin adenine dinucleotide, while the other requires 
the addition of the nucleotide for its activity. The two forms are com- 
parable to phosphorylases a and b, but as yet no enzyme has been isolated 
from tissues which effects the transformation of one oxidase into the 


other in vitro. 
SUMMARY 


1. The PR enzyme which catalyzes the reaction, phosphorylase a — 
phosphorylase b, has been purified by fractionation with ammonium sulfate. 

2. The PR enzyme has very low activity in the absence of cysteine and 
its activity in the presence of cysteine is accelerated 2 to 3 times by 5 X 10~ 
a Mn** ions. Mg** ions in this concentration are slightly inhibitory, 
while Co** ions have no effect. Various phosphate esters (glycerophos- 
phate, glucose-1-, and mannose-1-phosphate) as well as other divalent ions 
such as sulfate in 0.03 m concentration inhibit the PR enzyme. 

3. The conversion of phosphorylase a to phosphorylase b by the PR 
enzyme follows the first order reaction rate equation over a considerable 
range of phosphorylase a concentrations. This permits enzyme units to 
be expressed in terms of the first order velocity constant. 

4. The conversion of phosphorylase a to b by crystalline trypsin at 
pH 6.2 is not a first order reaction and is not accelerated by Mn** ions. 
Phosphate esters (0.03 m) inhibit the trypsin effect. 

5. The PR enzyme and trypsin split off from phosphorylase a a pros- 
thetic group which contains organic phosphate. The amount of phosphate 
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split off is parallel to the extent of conversion of phosphorylase a to b by 
these agents, and when complete amounts to 0.7 y per mg. of protein. The 
phosphate compound is dialyzable and difficult to hydrolyze in acid. 


The authors are indebted to Dr. Schmidt for a preparation of intestinal 
phosphatase, to Dr. Kunitz for crystalline ribonuclease, and to Dr. Fruton 
for leucylglycine and triglycine. 
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THE EFFECT OF STIMULATION AND RECOVERY ON THE 
PHOSPHORYLASE a CONTENT OF MUSCLE* 


By GERTY T. CORI 


(From the Department of Pharmacology, Washington University School of Medicine, 
St. Louis) 
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It has been mentioned before (1) that an extract of resting muscle con- 
tains mainly phosphorylase a, while stimulated muscle yields mainly 
phosphorylase b. Data beafing on this observation are presented in 
detail in this paper. 


EXPERIMENTAL 


The determination of phosphorylases a and 6 in mixtures is based on 
two parallel activity determinations, one without and one with the addition 
of adenylic acid (10-*m). In the former case phosphorylase a shows, on 
an average, 65 per cent of its full activity, while phosphorylase b is in- 
active; in the latter case phosphorylases a and b show full activity (1). 
Activity measurements were carried out as described previously, and 
enzyme units per gm. of muscle were calculated from the first order velocity 
constant (2). 

Results for twelve consecutive preparations of phosphorylase from 
muscles of resting animals are recorded in Table I. Rabbits were anes- 
thetized by intravenous injection of pentobarbital and the muscles of 
legs and back removed with as little stimulation as possible. The ex- 
traction of muscle with 2 volumes of water and the separation of phos- 
phorylase were carried out as outlined in a previous paper (3). 

As soon as the crude extract was obtained, about 14 hours after the ex- 
cision of the muscles, an aliquot was diluted twenty-five to fifty times with 
0.03 M cysteine, pH 6.8, for activity measurements. Under these conditions 
neither phosphoglucomutase, the enzyme which catalyzes the reaction 
glucose-1-phosphate = glucose-6-phosphate, nor inorganic phosphate which 
is present in the extract interferes seriously. A small blank reading for 
inorganic phosphate was deducted from the inorganic phosphate formed 
during the reaction. Column 3, Table I, indicates that with one excep- 
tion (Experiment 75) 80 to 100 per cent of the phosphorylase extracted 
from resting muscle was present in the a form, with an average of 92 per 
cent. 

There were traces of adenylic acid present in the crude extract. This 


* This work was supported by a grant from the Rockefeller Foundation. 
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is shown by the fact that for the eight cases in Column 3, Table I, in 
which 100 per cent phosphorylase a was calculated to be present, the 
average ratio (activity without adenylic acid)/(activity with adenylie 
acid) X 100 was 80 instead of 65. A concentration of 1.5 X 10-* m adenylie 
acid gives an activity ratio of about 78 for phosphorylase a (2). Such 


TABLE I 
Phosphorylases a and b in Extracts of Resting Rabbit Muscle 
Activity measurements were made at 30° in the presence and absence of adenylie 
acid with extracts diluted 25 to 50 times with 0.03 m cysteine, pH 6.8. For the 


description see the text. 


ie 


. Dialyzed an iun fatet 
Crude extract Dialyzed extract* nt tpnndigs oa. fl sulfate 


Experiment . 


NO" __| Phosphorylase | phosphorylase | Phosphorylase | phosphorylase | Phosphorylase | phosphorylase 
musclet ste muscle a musclet a8 
1) (2) 3 4 6 7 
unil per cent until per cent untis per cent 
69 1290 100 1420 100 1130 79 
70 1710 83 1330 74 
71 1500 100 1450 100 1400 83 
72 690 9] 620 100 470 87 
73 1020 100 990 100 930 88 
74 2110 100 1620 100 1540 98 
75 830 15 870 68 860 54 
76 1020 80 840 8] 840 52 
77 1010 100 1150 100 1010 95 
78 1290 100 1260 100 1210 73 
79 1860 100 1770 100 1960 95 
80 1740 100 1810 100 1800 100 
1340 92 1260 93 1195 82 


* The precipitate which forms on adjusting the dialyzed extract to pH 5.8 was 
removed. 

+t The precipitate formed at 41 per cent saturation with (NH,)2SO, was dialyzed 
against cysteine-glycerophosphate buffer and an aliquot of phosphorylase a crystals 
suspended in the mother liquor was taken for activity measurement. 

t Calculated from activity measurements in the presence of adenylic acid. 

§ Calculated from the ratio (activity without adenylic acid)/(activity with ade- 
nylic acid) X 100. A ratio of 65 represents 100 per cent phosphorylase a. 


low concentrations of adenylic acid are without effect on the activity of 
phosphorylase b. 

After dialysis for 3 to 4 hours at low temperature (5°) and removal of 
the precipitate obtained at pH 5.8 there was no appreciable loss of total 
phosphorylase (Column 4, Table I) or of the percentage of phosphorylase 
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a (Column 5). The activity ratio dropped to 71, indicating removal of 
adenylic acid during dialysis. 

Precipitation of phosphorylase with 41 per cent saturated ammonium 
sulfate is complete, since an average of 95 per cent of the activity present 
in the dialyzed extract is recovered in the dialyzed ammonium sulfate 
precipitate. The Tiselius pictures in Fig. 1 (/ to 4) in the accompanying 
paper by Green show how great a purification of phosphorylase is accom- 
plished by this one step. 

PR enzyme that has escaped precipitation at pH 5.8 is included in the 
ammonium sulfate precipitate and is concentrated along with phos- 
phorylase. During the dialysis of the ammonium sulfate precipitate 
some PR action takes place before phosphorylase a crystallizes out. PR 
is without effect on the crystals of phosphorylase a. It is to be noted that 
the activity measurements were made by stirring up the crystals in the 
mother liquor and taking an aliquot for analysis. Column 7 of Table I 
shows that the average of phosphorylase a has fallen from 93 to 82 per 
cent owing to the action of the PR enzyme. 

The preparation of phosphorylase is unique among tissue enzyme prep- 
arations, since under optimal conditions 60 to 70 per cent of the enzyme 
present in the crude extract of resting muscle can be recovered as phos- 
phorylase a crystals. 

In the majority of cases phosphorylase a crystals cannot be obtained from 
previously stimulated muscle. This is shown in Table II. In the first 
series of experiments a lethal dose of strychnine sulfate was injected 
intravenously. The animals were sacrificed after the first convulsive 
seizure, Which lasted from 1 to 2 minutes. Back and leg muscles were 
analyzed separately, because it was noted that the former showed a more 
sustained contraction than the latter. 

The crude or dialyzed extract and the dialyzed ammonium sulfate 
precipitate of the back muscles of strychninized rabbits contained only 
from 3 to 15 per cent of phosphorylase a, the remainder being phosphorylase 
b. When such a large amount of phosphorylase b is present, it holds phos- 
phorylase a in solution, and the latter does not crystallize out. Table 
II, last column, shows that unless at least 25 per cent of the total phos- 
phorylase content is in the a form no crystals are obtained. With one 
exception the leg muscles of the strychninized rabbits, like the back mus- 
cles, yielded very low values for phosphorylase a. 

In the experiments with electrical stimulation the animals were an- 
esthetized with pentobarbital and the leg nerves prepared on one side. 
A tetanizing current was applied for 2 to 3 minutes, until the muscles showed 


‘This fact was made use of in the preceding paper by Green to determine the 
electrophoretic mobilities of mixtures of phosphorylases a and b. 
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fatigue. It was difficult to stimulate all the leg muscles with equal in- 
tensity unless a rather strong current was used, and this led to a con- 
siderable spread of stimulation to the resting leg and in some cases to the 
back muscles. The latter were used as a control and showed an average 
of 59 per cent of phosphorylase a, which is considerably less than the 


Taste II 

Effect of Strychnine Convulsions and of Electrical Stimulation on Phosphorylase a 
Content of Rabbit Muscle 

The activity measurements were carried out as indicated in Table I. For the 

description see the text. 


Crude extract Dialyzed Dialyzed ammonium 
extract sulfate precipitate 
Experi- Phos- Phos- Phos- 
ment Procedure and type of muscle phory- phory- phory- Phos 
No lase Phos- lase Phos- | lase Phos- | 5) wnt 
a+ | phory-| a+ | phory-| a+ | phory- | PRON 
per lase a per lase a per lase @ 7 nt 
gm. gm gm vo 
muscle muscle muscle 


nels percent, wntts per cent’ wniis per ceni 


A Strychnine, back 2310 6 2100 ll 
se leg 1726 2 1840 9 
B 2 back 1510 10 1620 5 
leg 830 | 93 860 | 69 
C -" back 930 6 980 0 
leg 1250 11 1100 20 
67 ” back 3180 16 2850 6 _ 
o4 7 back 1620 3 - 
= leg 1130 , 25 + 
66 Hs back 1780 5 - 
e leg 2130! 5 | - 
61 Resting, back 1780 71 + 
Electrical stimulation, leg 850 20 - 
62 Resting, back 1180 29 + 
Electrical stimulation, leg 1740 l _ 
63 | Resting, back | 1290 | 68 + 
Electrical stimulation, leg 960 2 - 
68 Resting, back 1370 | 100 900 | 65 a 
13 leg 950 8O 660 51 + 
Electrical stimulation, 930 | 23 610 17 - 
gastrocnemius 


corresponding average of 82 per cent recorded in Table I. The elec- 
trically stimulated leg muscles showed an average phosphorylase a content 
of 10 per cent and yielded no crystals. In one case, in order to make the 
time interval between stimulation and measurement of enzyme activity 
as short as possible, only one stimulated muscle (gastrocnemius) was 
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excised and extracted (Experiment 68, Table II); analysis of the crude 
extract showed a low phosphorylase a content, when compared with the 
back muscles and the resting muscle of the opposite leg. 

It will be noted in Tables I and II that there is a marked individual 
variation in the phosphorylase content. The extraction with 2 volumes 
of water is incomplete and yields about 75 per cent of the phosphorylase 
present, but since the extraction procedure was strictly standardized, the 
results are comparable among themselves. On an average the total phos- 
phorylase content of the stimulated muscle in Table II did not differ 
significantly from that of the resting muscle in Table I. 

Experiments similar to those on rabbits were carried out on frogs. In 
order to obtain resting muscles the spinal cord was transected in the 
lumbar region. The legs were skinned and the muscles excised, weighed, 
and extracted in the manner described for rabbit muscles. The undialyzed 
extracts were generally tested within 4 to 1 hour after the dissection of 
muscle. Dialysis was for 3 to 4 hours at 8°. Stimulation of both legs was 
effected by holding an electrode connected with an inductorium against 
the skin above the lumbar spine. An interrupter served to deliver 60 
stimuli per minute. Fatigue became noticeable after 30 to 60 twitches, 
depending on the general state of the frogs. At the end of 90 twitches 
the cord in one group of frogs was transected immediately and the muscles 
excised, while another group was first allowed to recover for 5 to 60 minutes 
in a moist environment. 

Several batches of frogs were received between May and July, 1943. 
When freshly shipped they were in good condition and the phosphorylase 
content per gm. of muscle was about the same as in rabbits. After having 
been without food for 2 or more weeks, they became thin and the phos- 
phorylase content of the muscles was much lower. Two frogs were chosen 
each day, one serving for resting muscle and the other for stimulated 
muscle with or without recovery. 

Table III shows that extracts of resting frog muscle contained a high 
percentage of phosphorylase a and that electrical stimulation resulted in 
a marked decrease in phosphorylase a without significant change in the 
total phosphorylase content. The effect of electrical stimulation was 
quickly reversible. When the stimulated muscles were allowed to recover 
in the intact animal for a period of 10 to 15 minutes, the phosphorylase a 
content returned to the resting level. A period of 5 minutes rest was 
insufficient for complete recovery. 

It will be noted that in the four experiments in which the muscles were 
allowed to recover for 5 minutes the average phosphorylase a content in 
the undialyzed extract was 43 per cent, while the same extracts after 4 
hours of dialysis at 8° showed an average of 64 per cent. In the other 
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experiments in Table III the difference was less marked, although the aver- 
age percentage of phosphorylase a in the dialyzed extracts was in all cases 
slightly higher than in the undialyzed extracts. An occasional extract of 
rabbit muscle shows the same behavior (cf. Experiment 75, Table 1). The 
reason for the apparent increase in phosphorylase a has not been ascertained, 

The possibility had to be considered that from stimulated muscle more 
PR is extracted than from resting muscle. If this were the case, the 
conversion of phosphorylase a to b might take place in the extract in the 
time interval between its preparation and testing, rather than in the 
living muscle. The PR content of a resting and a stimulated muscle of 
a rabbit, the former containing mostly phosphorylase a and the latter 
only phosphorylase b, was determined in the following manner. To each 


Taste III 
Phosphorylase a and b Content of Muscles of Summer Frogs at Rest, after Electrical 
Stimulation, and after Stimulation and Recovery 
Stimulation consisted of 90 twitches of both hind legs in the intact animal ina 
period cf 14 minutes. Enzyme activity measurements were carried out as indi- 
eated in Table I. For the description see the text. 


Undialyzed extract Dialyzed extract 
No of Procedure Phosphory- Phosphory- 
mo lase @ + 5 | Phosphory-| lase a + 6 | Phosphory 
per gm. lase a per gm. lase a 
muscle muscle 
unil per cent unt per cent 
14 Resting 1290 86 
7 | Stimulated 1310 37 
4 - 5 min. recovery 1330 43 1440 64 
2 10 and 15 min. recovery 1290 82 1240 91 
13 | Resting 1350 91 
17 | Stimulated 240 40 


5 = 20 to 60 min. recovery 1140 O4 


of the extracts was added crystalline phosphorylase a and the mixture‘, 
were incubated at 27° for 24 hours. About one-half of the added phos 
phorylase a was converted to phosphorylase b during this period. K X 10° 
calculated as described in the preceding paper was equivalent to 5.4 PR 
units per ce. of extract of the stimulated and to 4.8 units per cc. of extract 
of the resting muscle. The PR activity in the extract of the resting and 
the stimulated muscle thus did not differ appreciably. The low phos- 
phorylase a content which is found in stimulated muscle cannot be 
explained by PR activity after extraction. 

DISCUSSION 


The experiments recorded in this paper show that when rabbit or frog 
muscle is stimulated to fatigue phosphorylase a is converted to b. An 
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enzyme (PR) can be extracted from muscle which effects this conversion 
in vitro and which may be regarded as responsible for the conversion 
in vivo. Phosphorylase a is active in the absence of adenylic acid, while 
phosphorylase b requires a concentration of 5 X 10~° m adenylic acid for 
half maximal activity. Data published by Lohmann and Schuster (4) 
make it doubtful whether rabbit or frog muscle contains such a concen- 
tration of free adenylic acid. 

As a consequence of the conversion of phosphorylase a to b the rate 
of glycogen breakdown during activity would be slowed down, and this 
may represent a regulatory mechanism which would prevent the exhaustion 
of glycogen stores in fatigue. Experiments on frogs indicate that the 
phosphorylase a content of muscle is quickly restored during a short 
period of rest. This supports the idea that a regulatory mechanism is 


involved. 
SUMMARY 


1. Resting muscle of rabbits contains mainly phosphorylase a, as shown 
by an analysis of crude muscle extract as well as by the preparation of 
phosphorylase a crystals in high yield. 

2. During strong muscular contractions produced by strychnine or by 
electrical stimulation most of the phosphorylase a is converted to phos- 
phorylase b by the action of the PR enzyme in vivo. Crystalline phosphory- 
lase a cannot be prepared from extracts of muscles stimulated to fatigue. 

3. Experiments on frogs indicate that, when the phosphorylase a content 
of the hind legs has been reduced by electrical stimulation, it is completely 
restored during a short period of rest. 

4. The temporary inactivation of phosphorylase a by enzymatic re- 
moval of its prosthetic group may represent a regulatory mechanism 
which would prevent the exhaustion of glycogen stores in fatigue. 
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PHOSPHORYLASE 6* 
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It has been found (1) that when phosphorylase a is converted to phos- 
phorylase 6 by the PR (or prosthetic group-removing) enzyme in a 0.03 M 
glycerophosphate-cysteine buffer, the phosphorylase activity in the presence 
of adenylic acid falls only slightly at the time when the activity without 
adenylic acid approaches zero. This was taken to indicate that phos- 
phorylases a and b have the same activity per mg. of protein. Although 
the experiments have been repeated with the same results, other findings 
east doubt on this conclusion. 

In Fig. 1 is presented a time curve for the action of PR on phosphorylase 
aand for a control sample of phosphorylase a incubated without PR, both 
in glycerophosphate-cysteine buffer. The control sample when tested 
with or without adenylic acid shows a slight rise in activity with time, 
following which the activity remains constant. This rise has been de- 
scribed previously (2) and is probably due to a time factor in the reduction 
of the enzyme by cysteine in the presence of glycerophosphate. The 
activity in the sample incubated with PR reaches the same height as the 
control sample when tested with adenylic acid. Thereafter the activity 
declines at a rate that would make it about 90 per cent of its original value 
at the time when the activity without adenylic acid approaches zero; 
that is, when all of the phosphorylase a has been converted to phosphorylase 
b. Similar results have been obtained with trypsin, when it is acting on 
phosphorylase a in a glycerophosphate-cysteine buffer of pH 6.2. 

Glycerophosphate seems to exert a stabilizing influence, because without 
it there occurs a greater decrease in the phosphorylase activity with 
adenylic acid than was found in the experiments in Fig. 1. This is shown 
in Fig. 2, which represents an average curve for several experiments. It 
may be seen that, when conversion is complete, phosphorylase b has only 
77 per cent of the activity of phosphorylase a. 

Once all the phosphorylase a has been converted to phosphorylase b, 
no further change in phosphorylase 6b activity occurs, even when the in- 
cubation is continued with very high concentrations of PR, a fact which 
has been established in several experiments. Similarly, when phos- 


* This work was supported by a grant from the Rockefeller Foundation. 
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phorylase 6, prepared by fractionation with ammonium sulfate, is in- 
cubated with PR, no change in its activity occurs. Either phosphorylase 
b has less activity than phosphorylase a or the conversion of one form 
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Fig. 1. Action of PR on phosphorylase a in a 0.03 m glycerophosphate-cysteine 
buffer, pH 6.8 at 26°. Dashed lines, control sample incubated without PR; solid 
lines, incubated with PR. A large amount of PR enzyme (95 y per cc.) was added 
in order to overcome the glycerophosphate inhibition. Upper curves, activity tested 
with 10-* m adenylic acid; lower curves, activity tested without adenylic acid. 
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Fie. 2. The activity of phosphorylase b, when formed by the PR enzyme from 
phosphorylase a in a 0.03 m cysteine buffer, pH 6.8. Each point is an average of four 
to eight experiments. Phosphorylase b shows 77 per cent of the activity of phos- 
phorylase a. 


into the other is accompanied by some enzyme destruction. The latter 
possibility is suggested by the observation that concentrated phosphorylase 
a solutions incubated with PR or trypsin become turbid, while control 
samples remain clear. 
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It has not been possible to increase the activity of phosphorylase 6 
significantly either by fractionation with ammonium sulfate or by crystal- 
lization. Part of the difficulty is the instability of the enzyme when in 
contact with concentrated solutions of ammonium sulfate. In the fol- 
lowing experiment 37.2 mg. of phosphorylase a (five times recrystallized) 
were converted to phosphorylase b with 1 mg. of PR in cysteine without 
glycerophosphate. When the activity without adenylic acid approached 
zero, the activity with adenylic acid had fallen to 65 per cent of the original 
value, corresponding to 1340 units per mg. of protein at 26° (or about 2000 
units at 30°). Subsequent precipitation with ammonium sulfate at 31 
and 51 per cent saturation yielded two fractions of 24.2 and 11.3 mg. of 
protein, respectively, each of which had an activity of 1410 units per mg. 


of protein at 26°. 


The two fractions were combined and dissolved in 3 ec. of glycerophos- 
phate-cysteine buffer, pH 6.8, placed in a small cellophane tube, and 
dialyzed at O° against an ammonium sulfate-cysteine mixture, pH 6.8. 
At equilibrium the concentration of ammonium sulfate was calculated to 
be about 28 per cent saturated and that of cysteine about 0.05 Mm. Small 
adjustments of the ammonium sulfate concentration of the outside fluid 
were made as necessary in order to aliow the protein to precipitate out 
very slowly. The precipitate was at first amorphous, but on standing for 
2 days it became crystalline. The enzyme crystallized in rhomboid plates 
which often formed twinned crystals. The crystals were difficult to 
photograph and they lost their sharp edges when brought to room tem- 
perature in the presence of adhering motherliquor (Fig.3,A). The enzyme 
was recrystallized by the same method but, since some material remained 
amorphous (see Fig. 3, 8), it seemed unlikely that much purification could 
be achieved by this procedure. 

In another preparation phosphorylase a (once recrystallized) was con- 
verted to b by PR in the presence of glycerophosphate-cysteine. Am- 
monium sulfate was dialyzed in and a semicrystalline precipitate which 
settled out at 28.2 per cent saturation was centrifuged off (first fraction). 
The supernatant fluid was returned to the dialyzing bag and a small 
amount of ammonium sulfate was added to the outside fluid; 2 days later 
a crystalline precipitate had settled out which was centrifuged off (second 
fraction). A small amount of protein remained in the supernatant fluid 
of the crystals. Activity determinations were carried out after removal 
of ammonium sulfate by dialysis against glycerophosphate-cysteine buffer. 
The data are summarized in Table I. Two freshly recrystallized prep- 
arations of phosphorylase a were tested at the same time and under ex- 
actly the same conditions for comparison. According to the data in 
Table I phosphorylase b has only 70 to 75 per cent of the activity of phos- 
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phorylase a. These values are probably too low, because partial inacti- 
vation of the enzyme occurs during the slow process of crystallization 


PR 
com 
of t 








Fic. 3. A, phosphorylase b erystallized from ammonium sulfate, X 150; B, phos- 


phorylase 6 recrystallized, K 350 


TABLE | 
Activity of Crustalline Phosphorylase h 


Measurements were made at 30° in the presence and absence of adenylie acid 
For the description see the text 


Phos Activity witl Activity with 
phory denwlic acid out adenylic 
ase : " — acid 

unils per meg untls per meg 

protein prolein 

b Ist fraction, 19.5 mg 1920 Sl 
2nd on ao 2150 76 
Supernatant fluid, 2nd fraction, 3.5 mg 690 52 

2nd fraction recrystallized 2230 66 

a / times recrystalhized 2930 1790 
6 ‘“ reerystallized 3300 2110 


from ammonium sulfate. That the enzyme loses activity when dis- 
solved in ammonium sulfate is shown by the low activity value recorded 
in Table I for the supernatant fluid of the second fraction. 
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SUMMARY 

1. Activity measurements in reaction mixtures of phosphorylase a and 
PR enzyme in a glycerophosphate-cysteine buffer indicate that upon 
complete conversion to phosphorylase b the latter has about 90 per cent 
of the catalytic activity of phosphorylase a; when the conversion takes 
place in cysteine without glycerophosphate, phosphorylase b shows, on an 
average, 77 per cent of the activity of phosphorylase a. Incubation with 
PR has no effect on the catalytic activity of phosphorylase 6. The pos- 
sibility that some enzyme destruction takes place during conversion of one 
form into the other has not been excluded. 

2. Isolation of phosphorylase b from either of the above reaction mixtures 
by fractionation with ammonium sulfate or by crystallization has not 
given fractions of greater catalytic activity than was found for the un- 
fractionated material. 
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METHODS FOR THE DETERMINATION OF ALLOXAN, 
TOGETHER WITH OBSERVATIONS OF CERTAIN 
PROPERTIES OF ALLOXAN 
By REGINALD M. ARCHIBALD 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, December 21, 1944 


During the past few years there has been an increasing interest in the 
study of the physiological effects of alloxan on plants (1, 2) and animals; 
rabbits (3-12), rats (7, 8, 13, 14), dogs (5, 15-18), cats (11), mice and 
frogs (19), man (16). 

So far there appears to have been no adequate method available for the 
measurement of the concentration of alloxan in tissues, blood, or urine. As 
far as the author is aware, there are only five methods at present described 
in the literature which have been used for the detection of alloxan. (a) 
The production of turbidity (colloidal sulfur) when alloxan oxidizes H.S 
(20, 21), (0) the formation of characteristic crystais on reaction of alloxan 
with copper-pyridine solution (22), (c) the formation of a color on reaction 
of alloxan with a-naphthylamine (23), and (d) the precipitation of oxalu- 
ramide on treatment of alloxan with NH,CN (21) have been used as 
qualitative tests. (e) The production of a blue color on reaction of am- 
monium sulfide with alloxan enabled Lieben and Edel (24) to measure 
alloxan quantitatively. The attempts, however, to stabilize the color have 
so far been without success. A number of other color reactions of alloxan 
have been listed in Beilstein (25), but have not been applied to the detection 
of alloxan in mixtures. 

Because the specificity of any method is almost certain to be only a 
relative matter, the method of choice will depend partly on the nature of 
interfering substances present, and consequently may vary from one 
problem to another. For this reason six methods will be described. 


Factors Governing the Selection of the Most Suitable Method 
for Determination of Alloxan 


The selection of the method of choice depends upon (1) the concentration 
of alloxan in the sample, (2) the apparatus available, and (3) the nature and 
amount of interfering substances in the sample. 

The gasometric (I) and titrimetric (II) methods require about 2 mg. of 
alloxan, but are especially accurate, and offer convenient means of deter- 
mining the purity of given preparations of alloxan and of determining 
alloxan present as an impurity in preparations of other oxidation products 
of urie acid. 
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The phosphotungstic acid (III), the diacetylmonoxime (IV), and the 
o-phenylenediamine (V) colorimetric methods are next in sensitivity and 
measure 0.02 to 0.2 mg. of alloxan. The o-phenylenediamine (V) and 
phosphotungstic acid (III) methods are the simpler of the three colori- 
metric procedures. The diacetylmonoxime (IV) method is more complj- 
cated than the others. It has been included because it measures a produet 
of the KCN reaction (oxaluric acid) not measured by any other method, 
and may prove useful when relatively high concentrations of reducing 
substances are present. It is not suited to the determination of alloxan in 
the presence of relatively high concentrations of urea. 

The fluorometric method (VI) is much the most sensitive and measures 
0.02 to 0.2 y of alloxan. It is not suited, however, to determination of 
alloxan in solutions which are fluorescent even before addition of o-phen- 
ylenediamine. 


Nature of Reactions Involved in the Determination of Alloxan 


Reactions of Alloxan with KCN—The first four methods depend upon the 
reaction of alloxan with KCN in weakly acid or alkaline solution. 

As far as the author is aware, no record of any detailed study of the 
reaction of alloxan with cyanide has been published since 1860. According 
to Rosing and Chichkoff (26), reaction of alloxan with ammonium cyanide 
yields oxalan (oxaluramide). Strecker (27) wrote the equation, which in 
present day nomenclature is 


(1) 2NH-CO-NH-CO-CO-CO + H.0 + NH; — 





Alloxan 


CO, + NH-CO-NH-CO-CHOH-CO + NH;-CO-NH-CO-CO-NH; 





Dialuric acid Oxaluramide 


He pointed out that even earlier (28) it was known that, when potassium 
instead of ammonium ion is used as the alkali, in the presence of cyanide 
the salt of oxaluric acid is formed instead of the amide. He observed also 
that the concentration of cyanide is almost unchanged during the reaction, 
and concluded that cyanide serves as a catalyst and not asa reactant. We 
have observed that in the presence of cyanide exactly 1 mole of CO, is 
produced for every 2 moles of alloxan present. One concludes, therefore, 
that essentially the reaction proceeds as indicated in Equation 2, 


(2) 2alloxan + KOH — dialuric acid + NH;-CO-NH-CO-COOK + CO; 


and that not more than an inappreciable fraction proceeds according to the 
alternative Equation 3 listed by Strecker, 
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(3) 3C,H:N:0, + 2HCN + 2NH; + 2H,0 — 2C;H,N;0; + 2C,H,N2O, 
Alloxan Oxaluramide Dialuric acid 
in which cyanide is used up and no CO, is produced. Strecker compared 
the cyanide catalysis of the alloxan reaction with a similar catalysis of 
benzoin formation from benzaldehyde. Menschutkin (29) prepared what 
he believed was potassium oxalurate from parabanic acid and KOH, but 
observed that his product differed in properties from the oxalurate obtained 
by Strecker by action of KCN on alloxan. It has been shown (30) that 
oxidation of pyrimidines (or barbiturates') in alkaline solution (and to a 
smaller degree in neutral or weakly acid solution) results in ring cleavage 
and the formation of urea or a monosubstituted urea. The oxidation of 
alloxan by alloxan, as catalyzed by cyanide, appears to fall in line with this 
scheme. 

Liebig (21) used the formation of the sparingly soluble oxalan (oxalu- 
ramide) on treatment with NH,OH and HCN as proof that alloxan was 
present in the dialysate of mucous obtained from a patient suffering from 
“intestinal catarrh.”’ 

After action of cyanide on alloxan in the absence of oxygen, the products, 
dialuric and oxaluric acids, are present in equimolecular amounts. The 
former, however, being a disubstituted urea, would be expected to react 
relatively slowly with diacetylmonoxime (32) and, therefore, would 
contribute relatively little to the color obtained during the heating interval 
employed. 

Information concerning the products of decomposition of alloxan in the 
presence of cyanide can be summarized as follows: The reaction does not 
give rise to ammonia or urea. Products known to be produced are (a) 1 
mole of CO, per 2 moles of alloxan, and (6) oxaluric acid which reacts with 
diacetylmonoxime in acid at 100° at the same rate as do other monosub- 
stituted ureas. Since the color produced is the same as that obtained with 
urea, it is probable that oxaluric acid breaks down rapidly during the 
heating in acid to form urea and oxalic acid. (c) Dialuric acid. This 
forms a violet-blue precipitate on addition of excess barium hydroxide (20) 
and reduces ceric sulfate, ferricyanide, phosphotungstic acid, molybdic 
acid, Nessler’s reagent, and o-phenanthroline ferrous complex. The 
reaction of alloxan in the presence of cyanide (as judged by CO: production) 
requires about 2 minutes for completion at pH 7 and proceeds more slowly 
at lower pH. It is almost instantaneous at pH 9. Both the speed of 


1 A method for the determination of barbiturates in blood and urine based on the 
formation of urea or a monosubstituted derivative on alkaline oxidation (by ultra- 
violet light and addition of a catalyst such as rose Bengal) and measurement of the 
resulting urea or derivative by the use of a-isonitrosopropiophenone (31) or dideetyl- 
monoxime (32), respectively, is to be published shortly. 
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conversion of alloxan to alloxanic acid and the speed of decomposition of 
alloxan, as catalyzed by cyanide, are increased rapidly as the pH rises. 
Therefore, even when cyanide is present, one would expect part of the 
alloxan to be converted to alloxanic acid as a side reaction. Actually, 
however, the amount of alloxanic acid formed must be small and is less 
than the experimental error of present methods for determining it. The 
yield of CO, and the reducing material produced in anaerobic decomposition 
of alloxan by cyanide are so near to the theoretical amounts that very little 
alloxanic acid can be formed. 

Method I described in the following pages (gasometric) involves the 
quantitative measurement of the CO, liberated when alloxan, catalyzed by 
the presence of cyanide, reacts as indicated in Equation 2. At room 
temperature (25°), the reaction is completed almost instantaneously at 
pH higher than 9. Completion requires 2 minutes at pH 7.0 and, after 
5 minutes at pH 5.0, the reaction is only 75 per cent complete. 

Method II (titrimetric) involves measurement of the reducing product 
found when 1 mole of alloxan oxidizes another, according to Equation 2. 
The dialuric acid is titrated (oxidized) in acid with standard ceric sulfate 
solution. 

Method III measures this reducing substance colorimetrically. Phos- 
photungstic acid is reduced to give a blue color. 

Method IV, another colorimetric method, referred to in previous com- 
munications (31, 32), depends on the measurement of another product 
(oxaluric acid) which reacts much more rapidly than alloxan on heating 
with diacetylmonoxime in acid solution, yielding a yellow color. The 
precursor giving rise to this color is not urea, being resistant to attack by 
urease. 

Reaction with o-Phenylenediamine—Hinsberg (33), Kiihling and Ka- 
selitz (34), and Rudy and Cramer (35) observed that alloxan in neutral 
solution gives a deep yellow color and a fluorescence in the presence of 
o-phenylenediamine. Hinsberg (33) proposed a quinoxaline structure for 
this product. 


/N\c.0OH 


\y7C-CO-NH-CO-NH; 
Rudy and Cramer (35), however, observed that N , N-dimethylphenylene- 
diamine (which would not be able to form a quinoxaline derivative) with 
alloxan yielded a homologous compound with properties similar to those of 
the product obtained with the unsubstituted o-phenylenediamine. They 
concluded, therefore, that the product obtained with the di-, mono-, or 
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unsubstituted o-phenylenediamine was an alloxan anil, as had been sug- 
gested for the monosubstituted derivative by Kihling and Kaselitz (34). 


si 


| 


CO-NH 
-_N==C CO 
CO-NH 


Rudy and Cramer consider the possibility that the two structures 
mentioned above exist in equilibrium. It seems unlikely, however, that 
the alloxan ring, once split, would reform. It is of interest to note that the 
splitting of the alloxan ring on reduction in weakly acid, neutral, or alkaline 
solution would be anticipated from the behavior of barbiturates and py- 
rimidine, and would yield a monosubstituted urea similar in structure to 
that proposed by Hinsberg. It has been shown by the author that urea or 
monosubstituted ureas, when heated in acid solution with diacetylmon- 
oxime (32) or a-isonitrosopropiophenone (31), yield maximum color much 
more rapidly than do cyclic disubstituted derivatives of urea, such as 
alloxan or barbiturates. The product of the reaction of o-phenylenedia- 
mine with alloxan at pH 4.6, if heated in acid with diacetylmonoxime (32), 
yields color slightly more rapidly than would be anticipated if the alloxan 
ring were intact. That is, at least part of the product behaves as a mono- 
substituted urea. Were it not for the statement that the product of 
interaction of alloxan with o-phenylenediamine can be diazotized, then 
coupled to an azo dye, Rudy and Cramer would probably have given more 
consideration to the possibility that the product obtained in neutral or 
weakly acid solution (in contrast to neutral or weakly alkaline solution) 
was an alloxazine 

H 
fn “Sco 


lee 
NH 


\N/NCO 
as suggested by Kiihling (36), or a 3-ring compound with a structure 
analogous to that which Rudy (37) assigned to the flavins obtained by the 
action of alloxan on 2,3-diaminopyridines, or 5,6-diaminoquinolines (38). 

We have observed that the higher the pH of the phosphate buffer em- 
ployed, the more rapid is the color development, the lower is the maximum 
optical density achieved, and the more rapid is the fading of the color. 
The color produced is not strictly proportional to the concentration of 
alloxan present, especially with high concentrations of alloxan. The 
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fluorescence produced, however, is proportional to the concentrations of 
alloxan employed in the fluorometric procedure. 

Method V depends on the formation of this yellow color on reaction with 
o-phenylenediamine at room temperature and pH 4.5. 

Method VI, photofluorometric, is the most sensitive and depends on the 
fluorescence of the product of this reaction. As has been pointed out by 
Labes and Freisburger (19), the product is stable in acid solution. 


Preparation of Standard Solutions 


As has been shown by Lusini (39) and Labes and Freisburger (19), 
alloxan in neutral or alkaline solution decomposes rapidly to form alloxanie 
acid, CO—NH—CO—NH—COH—COOH. Alloxan solutions are unsta- 





ble at pH higher than 3.5. Fresh aqueous solutions of alloxan are weakly 
acid but quickly become more acid as traces of alloxan are converted to 
the much stronger alloxanic acid. Alloxan concentrations of 1 mg. per ce, 
or higher quickly acquire a pH of 3.1 or less and are then relatively stable, 
without addition of other acid. Weaker solutions can be rendered stable 
by the addition of strong mineral acid. When the pH of the standard is 
maintained between 2.5 and 3.4, inappreciable loss of alloxan occurs in 24 
hours at room temperature even when the concentration of alloxan is as 
low as 0.5 y perce. All standard solutions have been prepared by dissolv- 
ing alloxan in, or diluting its solutions with, 0.002 n H.SO,. 

Solid preparations of alloxan used for making standard solutions should 
be stored in an ice box. As pointed out by Gortner (40), crystals stored at 
room temperature decompose slowly to CO2, urea, oxalic acid, and al- 
loxantin. 


Conditions for Preparation of Biological Material for Alloxan 
Determination 


Alloxan is rapidly destroyed in whole blood, plasma, and urine. The 
need for precipitation of blood proteins immediately (within a matter of 
seconds) after drawing the samples cannot be overemphasized. Because 
the method of choice for the precipitation of proteins will vary from one 
problem to another, no attempt is made in the present outline to prescribe 
in detail specific precipitation procedures. Certain of our observations, 
however, may be of assistance to other workers in the selection of suitable 
procedures. Since glutathione destroys alloxan and is present in blood 
almost entirely in the red cells, for a study of plasma alloxan the precipi- 
tation of plasma proteins without preliminary hemolysis of the cells is 
advantageous. 

Since at the pH of blood alloxan is rapidly destroyed (half life about 4 
minutes) even in the absence of glutathione, it is necessary to lower the 
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pH of the medium as soon as possible (within a matter of seconds) after 
drawing a sample of blood. Otherwise by the time centrifugation of the 
blood and separation of the supernatant plasma could be accomplished 
most of the alloxan present in blood at the time of venipuncture would be 
destroyed. As has been shown by Herbert, Bourne, and Groen (41), 
Somogyi filtrates of laked blood contain no glutathione. We have ob- 
served, however, that alloxan added to Somogyi filtrates is rapidly de- 
stroyed because the pH of these filtrates is not compatible with stability 
of alloxan. Furthermore, alloxan is precipitated quantitatively by zinc 
hydroxide. It can be released from the precipitated hydroxide by addi- 
tion of a solution of NaH.POQ,. 

Filtrates of fresh dog blood prepared by mixing 1 volume of whole blood 
with 9 volumes of 1.11 per cent sodium tungstate in equivalent (0.073 Nn) 
sulfuric acid occasionally contained some glutathione. Folin (42) and 
Herbert and Bourne (43) simultaneously observed that plasma proteins 
could be precipitated from whole blood without rupturing the cell mem- 
branes. Herbert and Bourne (43) added 1 volume of whole blood to 8 
volumes of 3 per cent Na,SO,-10H,O and followed this with 0.5 volume 
of 10 per cent sodium tungstate and 0.5 volume of 3 N sulfuric acid. No 
glutathione came through into the filtrate. We have modified this pro- 
cedure by increasing the normality of acid to 0.75 to give a distinctly acid 
filtrate (pH 3.5) and by mixing the sulfate, tungstate, and sulfuric acid 
immediately before addition of the blood. The supernatants obtained 
after immediate centrifugation contain almost no thio groups. The small 
amount present is probably cysteine and only to a very small extent derived 
from erythrocytes. 

The amount of alloxan which can be recovered after its addition to blood 
depends largely on the rate at which the blood filtrate is prepared. No 
matter how rapidly one prepares a filtrate, large losses (due to decompo- 
sition of alloxan) are inevitable. Therefore experiments designed to show 
the degree of recovery of alloxan added to blood appear useless. Record 
of the results is limited therefore to recovery of alloxan added to blood 
filtrates. 

All procedures outlined below begin on the assumption that the alloxan 
is in a protein-free solution. 


I. GASOMETRIC METHOD 
Apparatus 
Van Slyke-Neill blood gas apparatus (44). 
Reagents 


Cyanide solution, 0.05 m, 0.65 gm. of KCN in 200 cc. of H,O (which has 
been preboiled to remove O.). Store in an ice box. To protect from 
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atmospheric CO; and O, it may be stored conveniently in a tonometer 
over Hg. 
Lactic acid, 1.0 nN (approximately) 


Procedure 


2 ee. of solution containing 0.2 to 12.0 mg. of alloxan are delivered from 
a rubber-tipped stop-cock pipette ((44) p. 125) into the chamber of the 
Van Slyke-Neill blood gas apparatus. Dissolved oxygen is extracted 
(with other gases) by lowering the mercury to the 50 cc. mark and shaking 
the apparatus for 1 minute. The extracted gases are then ejected. 1 ce, 
of the cyanide solution is introduced with another pipette. The bore of 
the cock is sealed with Hg and the solutions are mixed. It is important 
that the pH be 7.0 or higher at this point. After 2 minutes, 0.5 cc. of 1 x 
lactic acid is introduced, the bore of the cock sealed again with Hg, and 
the CO, extracted by shaking after lowering the Hg to the 50 cc. mark. 
The p; reading is taken with the gas at the 0.5 cc. mark when the sample 
contains 3.0 mg. of alloxan or less, at the 2 cc. mark when the sample con- 
tains more than 3.0 mg. of alloxan. The temperature is recorded. After 
adding 0.5 ec. of 5 N NaOH to absorb the COs, a pe reading is taken at the 
same mark used for the p; reading. The procedure followed for measuring 
the CO, is exactly as described by Van Slyke ((45) p. 277). 

The blank must include a correction for the CO, preformed in the solution 
and reagents. The blank is determined by measuring into the chamber 
another 2 cc. portion of the alloxan solution, then 0.5 cc. of 1 N lactic acid, 
and 1 ee. of cyanide solution. No CO: is liberated from alloxan in strongly 
acid solution even when cyanide is present. The values of p; and py are 
determined as in the analysis. The blank reading c is calculated as ¢ = 
Pi — Pr. 

Calculation 
Mq. alloxan in sample = F X (p, — po — €) 


where F is the factor in Table I corresponding to the temperature and 
volume at which p; was read. 

The factors in Table I are obtained by multiplying those given by Van 
Slyke and Sendroy ((46) Table IX, S = 3.5 ce.) by 3.637 X 2; 3.637 is the 
ratio of the molecular weight of alloxan monohydrate to that of COQ: | 
mole of CQ, is liberated for every 2 moles of alloxan. 

When the sample contains preformed CQO, in an amount comparable 
with, or larger than, that formed by reaction with KCN, it is desirable to 
alter the procedure as follows, in order to avoid a large blank. To 2 ce. 
of sample in the blood gas apparatus add 0.5 cc. of 1 N lactic acid, shake 
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out the COs, and eject it in the manner outlined by Van Slyke (47) for the 
determination of urea in whole blood. This extraction is repeated twice. 
Then add 0.5 ec. of alkaline KCN solution (0.1 mM) prepared by dissolving 


TABLE [| 
Factors by Which Mm. of Pco, Are Multiplied to Give Mg. of Alloran (As Monohydrate) 
in Sample Analyzed 


50 ec. apparatus; S = 3.5 cc. 


Temperature ry i Tay 
.. _ 
10 0.01032 0.04051 
11 26 25 
12 20 01 
13 14 0.03977 
14 O08 54 
15 02 32 
16 0.00996 09 
17 90 0.03888 
18 85 68 
19 sO 47 
20 75 27 
21 70 07 
22 65 0.03787 
23 60 | 67 
24 56 48 
25 51 29 
26 46 11 
27 42 0.03694 
28 38 76 
29 33 59 
30 29 42 
31 24 26 
32 20 10 
33 16 0.03595 
34 11 79 





in 90 ce. of water 0.65 gm. of KCN and 12 ec. of 18 n NaOH from which 
the carbonate has settled. Then proceed as above. 

It is important to have the pH of the mixture pH 7 or higher during the 
action of the cyanide. Unless oxygen is removed from the alloxan and 
KCN solutions, the production of CO, is about 4 per cent too high. 
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II. TITRIMETRIC METHOD 
Apparatus 


Reaction tubes. Thunberg tubes or other tubes of 20 to 40 ce. capacity 
and capable of being evacuated. Tubes described by Hamilton and Vap 
Slyke (48) for use in determination of amino acids by the ninhydrin-Co, 
method proved convenient. 

Nitrogen tank or carbon dioxide generator. A 500 cc. Erlenmeyer flask 
partly filled with dry ice and fitted with a delivery tube serves well. 


Reagents 


0.05 m potassium cyanide. 0.65 gm. of KCN in 200 cc. of water. 

Ceric sulfate stock standard, 0.1000 x. This is prepared and standardized 
(with Mohr’s salt) according to the directions of Miller and Van Slyke (49). 

Dilute working standard, 0.00100 n. 1 cc. of stock standard and 1 ce. 
of 18 n H,SO, diluted to 100 cc. with water. 

18 n sulfuric acid. To 50 cc. of water add 50 cc. of concentrated H,S0, 
and make up to 100 cc. with water. 

o-Phenanthroline ferrous complex (50). 0.025 m stock solution? The 
working strength, 0.005 Mm, is prepared by diluting 1 cc. of stock solution to 
5 ec. with water. 

Procedure 


1 to 10 cc. of sample (containing 0.5 to 3.0 mg. of alloxan) is placed in 
the reaction tube. The oxygen of the air in the tube is displaced by holding 
the tip of the CO, or N; delivery tube about 1 cm. above the level of fluid in 
the tube. 1 cc. of 0.05 m KCN is then added, the lubricated stopper in- 
serted, and the tube is evacuated at once through the side arm. The pH 
of the mixture should be above 6.5. After 5 minutes the vacuum is re- 
leased while the tip of the side arm is held adjacent to the tip of the CO; 
delivery tube. 1 cc. of 18 Nn H,SO, is added and 1 drop of 0.005 m o-phen- 
anthroline ferrous complex. The mixture is then titrated until the 


? The stock solution is obtained from the G. Frederick Smith Chemical Company, 
Columbus, Ohio. For analysis of most solutions this is the most satisfactory indica- 
tor. However, it is precipitated in the presence of tungstic acid. Hence, in solutions 
containing tungstate, o-phenanthroline ferrous complex is replaced by 1 drop of 
aqueous solution of either alkali-fast green (National Aniline and Chemical 
Company, Inc.) or of setopaline C,2mg.perec. When either of these alternativesis 
used, the end-points are compared with the color of a titrated blank held near at hand. 

* In place of the o-phenanthroline ferrous complex, 0.5 cc. portions of freshly pre- 
pared 1 per cent solution of potassium ferricyanide and of 1 per cent ferric chloride 
have been tried. The ferricyanide is reduced by the product of reaction of alloxan 
and KCN, and Prussian blue results. The solution remains blue until all the 
reducing materia! has been titrated. The use of this alternative as ar indicator has 
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golden brown turns to a very faint blue. A stream of CO; is expelled from 
a capillary beside the tip of the burette during the titration to maintain an 
oxygen-free atmosphere in the reaction tube. If air is in contact with the 
solution during the reaction of cyanide, more ceric sulfate is required to 
reach the end-point. The error is greater the longer the contact with air. 
A blank is run with water in place of the KCN solution. The difference in 
titers is the amount of ceric sulfate equivalent to the alloxan in the samples; 
6.25 cc. of 0.001 N ceric sulfate are required for every mg. of alloxan mon- 
ohydrate. 
Calculation 


Mg. alloxan monohydrate in sample = (T, — T») X 0.16 


where 7’, = cc. of 0.001 N ceric sulfate required to reach the end-point in 
the sample. 7, = cc. of ceric sulfate used by the blank. 


Discussion of Titrimetric Method 


The presence of the slowly oxidizable glutathione or cysteine in a sample 
destroys the sharpness of the end-point. Consequently the end-points 
observed during the titration of urines and Folin-Wu filtrates (which 
contain glutathione) are not sharp. It is especially important in such cases 
to titrate the blank at the same rate as the KCN-treated sample. End- 
points obtained with modified Herbert and Bourne or Somogyi filtrates 
are sharp. 

Hill (51) has shown that dialuric acid in acid solution is readily oxidized 
toalloxan.‘ This oxidation can be accomplished by atmospheric oxygen at 
room temperature as well as by oxidizing agents such as ceric sulfate. 
This leads to a source of error in the titrimetric method unless precautions 
to exclude oxygen are observed. If atmospheric oxygen is in contact with 
the alloxan solution during or following the action of cyanide, part of the 
dialuric acid formed will be oxidized to alloxan. Action of cyanide on 
this regenerated alloxan would be expected to yield only 50 per cent of the 
dialuric acid from which this alloxan was derived. After acidification of 











the slight advantage that a greater depth of color is obtained and that the reagents 
are commonly available. It has the disadvantages that the end-point is (1) yellow 
rather than almost colorless, and (2) is not as sharp as when o-phenanthroline ferrous 
complex is used. 

‘ Labes and Freisburger (19) indicate that a solution of murexide behaves as a mix- 
ture of alloxan, alloxantin, and ammonia. Richardson (52, 53) points out that in 
solution alloxantin appears to dissociate to a large extent to dialuric acid and alloxan. 
Therefore murexide or alloxantin will give reactions for dialuric acid. Furthermore, 
in any reaction involving reduction of alloxan the immediate product is dialuric acid. 
If an equivalent or more of alloxan remains, alloxantin is formed. If both ammonia 
and an excess of alloxan are present, murexide results. 
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the solution, oxidation of dialuric acid by atmospheric oxygen continues, 
The reconversion of alloxan to dialuric acid by cyanide is, however, almost (X4 
completely inhibited by the high concentration of H+ ion. One would | ph 
therefore expect the titer to be low by an amount equivalent to the dialurie | 1] 
acid oxidized by air during titration plus half the dialuric acid oxidized | lw 








before acidification. tio 
Actually, however, for reasons considered below, contact of the reaction | int 
mixture with air before acidification causes the titer to be too high. The | wh 
longer this contact, the greater the error introduced. The positive error | ll 
amounts to about 1 per cent for every minute of contact with air. ! 
For these reasons the reaction with cyanide is best conducted in vacuo 
and acidification and titration in a CO, atmosphere follow immediately 
after release of the vacuum. When the procedure is followed as outlined, : 
the titers are independent of the duration of action of cyanide and check pr 
within 0.5 per cent. 16 
The reason for this increase in titer on contact with oxygen was inves- 
tigated. It appears that in neutral or alkaline solution dialuric acid in the 
presence of oxygen and cyanide yields alloxan and a peroxide, probably ) 
hydrogen peroxide,’ as indicated by Equation 4. ac’ 
NH—CO 
of 
(4) CO CHOH + 0. + H,O — 
dil 
NH—CO 
Dialuric ucid St 
NH—CO NH—CO . 
ligt | “F 
CO C(OH), + H,0:0rCO CO+H.0:+H0 | 
| | wi 
NH—CO NH—CO | 
Alloxan monohydrate Alloxan | St 
Hydrogen peroxide reduces ceric sulfate. Therefore 1 equivalent of 
dialuric acid gives rise to 1 equivalent of peroxide and 1 equivalent of pr 
alloxan (which latter in neutral cyanide yields, according to Equation 2, of 
0.5 equivalent of dialuric acid). Hence for each complete oxidation-te- 
duction cycle 1 equivalent of dialuric acid yields 1.5 equivalents of material w 
capable of reducing ceric sulfate, and preliminary action of atmospheric by 
O, increases the amount of ceric sulfate used in subsequent titration, le 
instead of diminishing it, as might be expected. 
‘Such a reaction has been postulated by Richardson (53) on the basis of m 
the amount of oxygen utilized in the oxidation which occurred in the presence of ri 


cyanide. 
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The formation of peroxide was demonstrated by the chemiluminescence 
(54) produced in a fresh mixture of a 0.1 per cent solution of 3-amino- 
phthalhydrazide (luminol) in 1 per cent NaeCOs3, and 0.00005 m hemin in 
1 per cent aqueous NazCO;. On addition of either cyanide or alloxan no 
luminescence was observed even on shaking the mixture in air. On addi- 
tion of both cyanide and alloxan luminescence appeared at once and was 
intensified by shaking the mixture in air. A mixture of alloxan and KCN 
which had stood in contact with air for several hours gave a very intense 
luminescence with this reagent. 


III. PHOTOMETRIC METHOD WITH PHOSPHOTUNGSTIC ACID 
Apparatus 


Photometer or colorimeter. A Coleman junior spectrophotometer has 
proved satisfactory. Cylindrical cuvettes with an internal diameter of 


16 mm. were used. 


Reagents 

0.002 n sulfuric acid (approximate). 0.1 cc. of concentrated sulfuric 
acid added to 1800 cc. of water. 

Stock standard solution of alloxan. 100 mg. of monohydrate in 100 ce. 
of 0.002 n HSO,. 

Working standard, 0.02 mg. per cc. 2 cc. of stock standard solution 
diluted to 100 cc. with 0.002 Nn H,SO,. Fresh daily. 

Phosphotungstic acid. Prepared according to the directions of Kern and 
Stransky (55). To 50 gm. of reagent grade sodium tungstate add 400 ce. 
of water and 40 cc. of syrupy phosphoric acid. Reflux for 2 hours; make 
up to 500 ec. with water and store in a brown bottle. 

0.67 m dibasic sodium phosphate. 240 gm. of NagHPO,-12H,0 to 1 liter 
with water. 

Potassium cyanide solution, 0.5 m. 6.5 gm. of KCN in 200 cc. of water. 
Store in an ice box. 

Reagent mixture with KCN. Enough of this reagent for the series is 
prepared immediately before use by mixing in the following order: 3 volumes 
of 0.67 m dibasic sodium phosphate,® 0.05 volume of 0.5 m KCN, and 
1 volume of phosphotungstic acid reagent. Addition of the phospho- 
tungstic acid to the alkaline buffer should precede the use of the reagent 
by not more than 1 minute. The longer the mixture stands before use the 
less will be the intensity of the color obtained. 

Reagent mixture without KCN. Prepared exactly as above except that 

* Substitution of potassium salt would result in precipitation of potassium phos- 
photungstate in the reagent mixture. The concentration of K* from the KCN is not 
sufficient to cause precipitation. 
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0.05 volume of water replaces the cyanide solution. This too is prepared 
immediately before use. 


Procedure 


To a 5 ce. sample solution containing 0.015 to 0.15 mg. of alloxan and 
also to 5 ec. of water add 1 cc. portions of the reagent mixture with cyanide 
and mix. To other 5 cc. aliquots of sample and water add 1 cc. of the 
reagent mixture without cyanide. Standards made up to 5 cc. with water 
and containing 1, 2, or 3 cc. of dilute working standard are treated sim- 
larly. Allow the color to develop for 30 minutes in the dark and then 
read the optical density of the samples against the water blank in a pho- 
toelectric colorimeter set at wave-length 700 mu. Alternatively the op- 
tical density in the samples can be read against a standard in a visual col- 
orimeter. The color in the sample to which reagent without KCN was 
added is due to reduction of phosphotungstic acid by substances other than 
alloxan. The difference between the optical densities obtained with and 
without cyanide is proportional to the alloxan present (see Fig. 1). 


Conditions Governing the Development of the Color with 
Phosphotungstic Acid 


The mixture of phosphotungstic acid and dibasic phosphate with or 
without cyanide is slightly acid. The more nearly neutral it is made the 
faster the color develops from reduction of W***+*+** and the more rapidly 
does the color fade. Under the conditions specified the color development 
is complete in 20 minutes, after which time loss of 1 per cent of the color 
occurs every hour. 

Best results are obtained when all three components of the reagent are 
added together in a single solution. If addition of cyanide should precede 
that of the other two components by 5 minutes, almost no color would be 
obtained. As has been pointed out already, the alloxan is unstable in 
alkali or at a pH near neutrality; therefore the basic phosphate must not 
precede the other components. 


IV. PHOTOMETRIC METHOD WITH DIACETYLMONOXIME 


This method is not recommended for visual colorimetry or for use when 
the concentration of urea is greater than that of the alloxan. Preliminary 
removal of urea from solution by urease is not practical, since alloxan is 
rapidly destroyed at pH values suitable for action of urease. 


Apparatus 


Photometer or colorimeter. Cylindrical cuvettes with an inside diameter 
of 16 mm. have been used for this method. 
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Test-tubes of uniform shape and about 30 cc. capacity for heating the 
solutions during color development. Tubes 20 X 150 mm. have proved 
satisfactory. Each tube is fitted with a rubber stopper through which 
passes a glass capillary (31). 


Reagents 


Diacetylmonoxime, 3 per cent in H,0. 
Potassium cyanide crystals (reagent grade). 
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Fic.1. Proportionality of the optical density to the amount of alloxan in the sample 
in the phosphotungstic acid and o-phenylenediamine methods. 5 cc. of solution + 1 
ec. of reagent. The reactions were conducted under the conditions prescribed in the 
procedures. 


Standard solution of alloxan containing the equivalent of 0.04 mg. of 
alloxan monohydrate per cc. 4 mg. of alloxan are dissolved in 100 cc. of 
0.002 n H.SQ,. 

Anhydrous potassium carbonate. 

Acid mixture. Mix 1 volume of reagent sulfuric acid with 3 volumes of 
reagent phosphoric acid and 1 volume of water (31). 


Procedure 


Duplicate portions of 5 ec. each of the alloxan solution (containing 
0.025 to 0.25 mg. of alloxan) are pipetted into the tubes to be used for the 
subsequent heating. 
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Eight tubes with standards are prepared by measuring duplicate portions 
each of 1, 2, 4, and 5 cc. of stock standard solution with similar tubes. 
Unknowns and standards are then each made up to 7 cc. by addition of 
water. 

In one tube of each pair (standards and unknowns) is placed a small 
crystal of KCN (about 0.5 mg.), and if the solutions are acid small portions 
(about 5 mg.) of anhydrous K,CO; are added until effervescence ceases, 
(Avoid breathing fumes of the HCN!) The CO, in the tube is displaced by 
blowing air through a pipette held half-way down the inside of the tube. 
The liquid is mixed thoroughly. After 20 minutes the conversion of alloxan 
to dialuric acid and oxaluric acid will be complete. 7 cc. of water in another 
tube serve as a blank. It is unnecessary to prepare a blank to which 
cyanide has been added. Then to each tube, unknown, standard, and 
blank (both with and without KCN), are added 5 ce. of the phosphoric- 
sulfuric acid mixture and 0.5 ec. of 3 per cent diacetylmonoxime reagent. 
Mix the solutions, stopper, and then heat all the tubes exactly 15 minutes 
in a boiling water bath. Hereafter protect the tubes from light. Cool 
the tubes in a cold water bath and read the optical density in a spectro- 
photometer set to a wave-length of 470 mu. If the tubes are kept in 
absolute darkness after heating, they may be read at any time after they 
are cool up to 12 to 24 hours. 

The samples (both with and without KCN) are read against the reagent 
blank set at zero optical density.’ The standards to which KCN was 
added are read against the corresponding standard to which no KCN was 
added set to zero optical density. Plot the optical densities read for each 
standard against the corresponding mg. of alloxan monohydrate. 


Calculation 


From the curve so obtained read off the mg. of alloxan equivalent of 
(a) the optical density of the sample tube treated with cyanide (A), and 
(b) the corresponding sample tube untreated with KCN (B). 


Mg. alloxan monohydrate in aliquot of solution heated = A — B 
Discussion of Photometric Method with Diacetylmonoxime 


Subtraction of the alloxan equivalent of the color formed in solutions 
not treated with KCN corrects for the small amount of color formed from 


7 Frequently the color obtained with unknowns is so great, even in the absence of 
cyanide, that the instrument containing such a solution cannot be adjusted to read 
zero optical density. Therefore a reagent blank, rather than an unknown not treated 
with cyanide, is used as a blank against which cyanide-treated unknowns are read. 
In case of the standards, however, it is convenient to read directly the increase in 
color resulting from the cyanide treatment. 
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alloxan itself in the absence of cyanide, as well as for color due to substances 
other than alloxan. Since the points from which the standard curve is 
made are obtained by reading each cyanide-treated standard against the 
corresponding standard not treated with cyanide, the method depends on 
the measure of the increase in color production resulting from the presence 
of KCN in the solution. 

Under the conditions outlined in Methods III and IV, in the presence 
of cyanide essentially all of the alloxan is converted to oxaluric acid by 
operation of the cycle indicated by Equations 2 and 4. If the determi- 
nation were conducted anaerobically, the reaction indicated in Equation 4 
could not take place and only half as much oxaluric acid would be formed. 
Although hydrogen peroxide decreases slightly the amount of color obtained 
with phosphotungstic acid, the intensity of the colors developed in Methods 
III and IV is not affected appreciably by the amount of peroxide which 
could be formed by the reaction expressed by Equation 4. 


Vv. PHOTOMETRIC METHOD WITH 0-PHENYLENEDIAMINE 
Apparatus 


Photometer or colorimeter. Cylindrical cuvettes with an inside diameter 
of 16 mm. have been used. 


Reagents 


Molar sodium dihydrogen phosphate, 138 gm. of NaH,;PO,-H,O made up 
to 1 liter with water. 

o-Phenylenediamine stock solution. 50 mg. are dissolved in 100 cc. of 
glycerol, placed in a brown bottle, and stored in the dark. This solution 
remains colorless and active for at least 6 months. 

Working solution. 5 cc. are diluted to 10 cc. with molar NaH,PQ, within 
an hour before use. 

Stock standard solution of alloxan, 1 mg. of alloxan monohydrate per ce. 
100 mg. of alloxan monohydrate are dissolved in 100 cc. of 0.002 n H.SO,. 
This is prepared fresh weekly or is stored frozen (in solid COs). 

Working standard solution of alloxan, 0.04 mg. per ce. This is made 
fresh each day. 2 cc. of stock standard are diluted to 50 cc. with 0.002 
Nn HSO,. 

Procedure 


To 5 ce. portions of sample containing 0.02 to 0.2 mg. of alloxan, and 
likewise to 5 ce. portions of H,O (for the blank), and of alloxan standards 
(containing 2, 4, and 5c. of working standard made up to 5 cc. with water), 
add 1.0 ec. portions of the “working solution” of phenylenediamine and mix. 
After 20 minutes read the optical densities of the standards and samples 
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against the blank set at zero optical density at a wave-length of 390 my. 
A wave-length setting of 400 my gives satisfactory results and can be used 
when the instrument does not permit a shorter wave-length setting. 


Calculation 


Photomeler Readings—The optical densities of the standards are plotted 
against the corresponding weight of alloxan present. The mg. of alloxan in 
the sample is read from this curve. Since Beer’s law is not followed 
accurately, standards for use in visual colorimetry must be almost equal in 
alloxan concentration to the unknowns. See Fig. 1. 

Visual Colorimetric Readings— 


Da 


Dua 





Mg. allozan in sample = x mg. alloxan in standard 


where D,, = reading of sample and D,, = reading of standard. 


VI. PHOTOFLUOROMETRIC METHOD WITH 0-PHENYLENEDIAMINE 
Apparatus 


Photofluorometer. A Coleman model 12A is satisfactory. 
Filters (primary) Corning No. 5113, (secondary) Corning No. 3384. 


Reagents 


Standard alloxan, 0.0002 mg. per cent. This is prepared fresh by diluting 
the working standard used in the previous photometric procedure. 1 cc. of 
standard containing 0.04 mg. per cc. is diluted to 200 cc. with 0.002 Nn 
HSO,. 

Molar phosphate buffer and o-phenylenediamine stock are prepared exactly 
as in the previous method. 

Working solution of o-phenylenediamine reagent is prepared by diluting 
1 part of stock reagent with 10 parts of molar sodium dihydrogen phosphate. 


Procedure 
To 5 cc. of sample add 0.5 cc. of “working solution’’ of o-phenylenedia- 
mine. Set the tubes in a dark place. After 1 hour read in a fluorometer 
against a reagent blank and compare with a standard solution of approxi- 
mately the same strength as the sample. 


Calculation 


reading of sample 


- < mg. alloxan in standard 
reading of standard ad 





Mg. allozan in sample = 


The diamine reagent on exposure to light, especially ultraviolet or blue 
light, turns yellow andgevelops marked fluorescence of its own. Therefore 
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the blank due to the reagent is markedly increased if the tubes are allowed 
to stand close to and in the path of light from the fluorometer before the 
readings are taken. 


SPECIFICITY OF THE METHODS 


I. Gasometric Method—Alloxan and compounds which dissociate into 
alloxan (e.g., alloxantin) yield CO. on treatment with cyanide. In the 
absence of oxygen 0.5 mole of CQ, is liberated for every mole of alloxan 
present. The yield of CO, from alloxantin corresponds to the amount of 
alloxan combined in it. That is, 1 mole of alloxantin is equivalent to 1 
of alloxan and 1 of dialuric acid and yields 0.5 mole of CO:. Weight for 
weight alloxantin yields approximately half as much CO, as does alloxan. 

Ninhydrin, because of its structural similarity, also yields CO; in the 
presence of cyanide. The reaction, however, is much slower and at 25° 
and pH 10 the reaction is only 10 per cent complete after 2 minutes. Under 
anaerobic conditions dialuric acid (prepared according to the method of 
Biltz and Damm (56)) yields no CO:. Likewise, parabanic acid, allantoin, 
cysteine, glutathione, esculin, and caffeine yield no CO, in the presence of 
cyanide. Ascorbic acid and uric acid in cyanide and under the prescribed 
conditions of analysis yield less than 5 per cent of the CO, obtained with 
equivalent amounts of alloxan. 

II. Titrimetric Method—This method, like the phosphotungstic acid 
colorimetric method, depends for its specificity on the increase in reducing 
action resulting from treatment with cyanide. Although a wide variety of 
substances reduce ceric sulfate, only alloxan, alloxantin, and ninhydrin are 
known to have their reducing power towards ceric sulfate increased by 
treatment with cyanide. Neither alloxan nor ninhydrin reduces ceric 
sulfate in the absence of cyanide. On treatment with cyanide 1 mole of 
alloxan yields 0.5 mole of dialuric acid, which reduces ceric sulfate. In the 
same manner the mole of alloxan combined in 1 mole of alloxantin yields 
an additional 0.5 mole of dialuric acid on treatment with cyanide. Nin- 
hydrin on addition of cyanide likewise gives rise to reducing material. 

Parabanic acid, caffeine, oxaluric acid (prepared according to the method 
of Biltz and Topp (57)), and allantoin do not reduce ceric sulfate. Dialuric 
acid (and therefore also alloxantin), uric acid, esculin,® and ascorbic acid 
reduce ceric sulfate rapidly whether cyanide is present or not. Likewise 
reduced glutathione, cysteine, and ergothioneine also reduce. ceric sulfate, 
although they do so very slowly. The end-points obtained with solutions 
containing these three substances are therefore not sharp. Except for 

* Esculin forms a transient deep blue color on treatment with ceric sulfate. This 


color changes to a golden brown (more rapidly in the pregence than in the absence of 
cyanide). 
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alloxantin, the reducing power of the last seven compounds mentioned, 
towards ceric sulfate, is not altered by treatment with cyanide. 

III. Photometric Method with Phosphotungstic Acid—Under the con- 
ditions outlined for the procedure, alloxan and ninhydrin do not reduce 
phosphotungstic acid in the absence of cyanide. Dialuric acid® and com- 
pounds (such as alloxantin) which dissociate into dialuric acid do reduce 
phosphotungstic acid, either in the presence or the absence of cyanide, 
Cyanide does not intensify the color produced from dialuric acid, but does 
intensify the color obtained with alloxantin (because alloxan is one of the 
dissociation products of alloxantin). Ascorbic acid rapidly reduces phos- 
photungstic acid even in the absence of cyanide. Addition of cyanide, 
however, doubles the intensity of the blue color obtained with ascorbic acid. 
Weakly acid solutions of glutathione and cysteine also reduce phosphotungstie 
acid rapidly in the absence of cyanide. However, on addition of cyanide 
the reduction of phosphotungstic acid by glutathione and cysteine is 
decreased to less than 7 per cent of its former level. Ergothioneine reduces 
phosphotungstate slowly both in the absence and especially in the presence 
of cyanide. Presumably the addition of cyanide decreases the rate of 
reduction of phosphotungstic acid by thiol groups but increases the rate of 
reduction by other parts of the molecule. At the prescribed pH, uric acid 
causes very slight reduction of phosphotungstic acid either in the presence 
or absence of cyanide. Parabanic acid, caffeine, esculin, oxaluric acid, and 
allantoin yield no color either with or without cyanide. 

To summarize: The blue color obtained with phosphotungstic acid is 
increased by addition of cyanide in the presence of alloxan, alloxantin, 
ninhydrin, and ascorbic acid. An almost inappreciable increase is caused 
in the presence of cyanide by uric acid and ergothioneine. The color 
given by glutathione and cysteine is decreased when cyanide is present. 

In the reaction of alloxan with thiol groups 1 mole of alloxan yields a mole 
of dialuric acid, whereas with cyanide l*mole of alloxan yields only 0.5 mole 
of dialuric acid. Therefore if alloxan (concentration = A) is added toa 
solution containing a smaller concentration of glutathione or cysteine 
(thiol concentration = 7’), the color obtained with phosphotungstic acid in 
the presence of cyanide, (A — 7) + T, is greater than that which would 


* Dilute solutions of dialuric acid are very quickly oxidized to alloxan by 
atmospheric oxygen unless precautions are observed to keep air from the system. 
After oxidation to alloxan they no longer reduce phosphotungstic acid unless cyanide 
is added. Addition of cyanide to the oxidized dialuric acid would yield only 50 per 
cent as much dialuric acid as was present before oxidation. Solutions of dialuric acid 
are therefore prepared in ggater from which dissolved oxygen has been removed by 
evacuation. An atmoenhf of CO,, Hz, or N: is then maintained above the water 
before and after addition ofthe dialuric acid. 
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be obtained with the same amount of alloxan in the absence of thiol groups 
(}A). On subtraction of the blank 7’, obtained in the absence of cyanide, 
the difference, 3(A — 7’), is equivalent to the amount of alloxan actually 
remaining in solution after reaction with the thiol groups and is therefore 
equivalent to less than the amount added. If 7’ is greater than A, then no 
alloxan is left in solution and the negative difference obtained on subtracting 
the blank corresponds to the amount of thiol group left unattached by 
alloxan. 

IV. Colorimetric Method with Diacetylmonoxime—The specificity of 
color formation with diacetylmonoxime in acid has been discussed in a 
previous communication (32). The specificity of the method as applied to 
alloxan depends on the formation of a monosubstituted urea when alloxan 
decomposes in the presence of cyanide. Only alloxan and compounds 
dissociating to give alloxan show an increase in color production on heating 
in acid with diacetylmonoxime as a result of treatment with cyanide. This 
method is tedious and is not recommended for routine determination if the 
sample contains urea. It is included since it may prove useful when run in 
conjunction with one of the other methods in testing specificity, 

V. Photometric Method with o-Phenylenediamine—Formation of a yellow 
color occurs in the presence of alloxan and alloxantin. Ninhydrin yields 
a yellow precipitate. Under the prescribed conditions of analysis ascorbic 
acid gives inappreciable color but if the mixture of diamine and ascorbic 
acid is exposed to daylight or especially to ultraviolet light, it yields a 
yellow color much faster than does the reagent blank.’ No color was 
produced with glutathione, cysteine, parabanic acid, uric acid, allantoin, 
oxaluric acid, caffeine, or esculin. 

VI. Fluorometric Method with o-Phenylenediamine—Alloxan and com- 
pounds which dissociate into alloxan yield a green fluorescence with o- 
phenylenediamine. Ninhydrin, which is itself fluorescent, yields a product 
with a stronger fluorescence. Ascorbic acid yields a product having a blue 
fluorescence.!° No fluorescence product is obtained with parabdnic acid, 
uric acid, cysteine, glutathione, ergothioneine, allantoin, or caffeine. 


Results 


Table II shows the recovery of alloxan added to modified Herbert and 
Bourne, Folin-Wu, and Somogyi filtrates of dog whole blood as determined 
by the two simplest colorimetric methods. 

” Methods for the determination of ascorbic acid in blood and urine based on the 
formation of a blue flyorescence on reaction in the dark with o-phenylenediamine and 
of a yellow col posure of the product to ultraviolet light are being developed 
and will be pw 1s later. Dehydroascorbic acid (structurally related to alloxan) 


is the product measured. 
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DISCUSSION 
Observations Concerning Tests for Purity of Alloxan Preparations 


Determination of the nitrogen content of alloxan samples by the micro- 
Kjeldahl method of Van Slyke and Kugel (58) leads to values which are 
0 to 10 per cent lower than those obtained when other organic matter 
(e.g., 30 mg. of glucose) is added to each sample before the acid digestion. 

Because several impurities frequently present in commercial preparations 
of alloxan contain almost the same per cent nitrogen, a sample which shows 
theoretical nitrogen content by Kjeldahl analysis is not necessarily pure. 

Pure alloxan treated with excess of Ba(OH). does not yield a purple 
color. Preparations containing decomposition products such as _ iso- 
dialuric (59) and dialuric acid (20) yield a purple color with excess Ba(OH),. 


TaBLeE II 
Recovery of Alloran Added to Blood Filtrates. Phosphotungstic Acid and o-Phenylene- 
diamine Methods 
1 cc. of solution containing 0.20 mg. of alloxan was added to 5 cc. of 1:10 filtrate 
of whole dog blood. The mixtures were analyzed as outlined in the procedures. 





| | 
| Alloxan recovered by | Alloxan recovered by 
| P 





Filtrate hosphotungstic acid | o-phenylenediamine 
method method 
per cent per cent 
Folin-Wu.... MES Mie citi 5's cidaln led 93 97 
Modified Herbert and Bourne............... 96 96 
as Mitsuki thas ceil ies Ns} 0s 98 99 





* Unless analyses are done immediately after addition of alloxan, there is marked 
loss of allowan due to conversion to alloxanic acid at the pH of the Somogyi filtrates. 
Alloxan is precipitated quantitatively by Somogyi reagents. 


This color sometimes is intensified on addition of NaOH, although NaOH 
without Ba(OH), yields almost no color. 

Pure alloxan (prior to treatment with cyanide) does not reduce ceric 
sulfate. Impure preparations reduce it even without addition of cyanide. 
Therefore the difference obtained in the titer of an aliquot of sample and of 
water, when no cyanide is used, is a measure of the alloxantin‘ present. 


Reaction of Alloxan with Blood Constituents 


Urea—Mulder (60) observed that when a solution containing equimolec- 
ular concentrations of alloxan and urea is evaporated slowly (over & 
3 day period) star-shaped groups of crystals of alluranie acid are formed. 
The product is weakly acid, gives a negative test for alloxan with ferrous 
sulfate and ammonia, is only slightly soluble in cold water, and therefore 
differs in this respect from alloxanic acid-urea. Alluranic acid is very 
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soluble in dilute alkali (K,CO,;) and is slowly decomposed by NH,OH, 
yielding a product differing from dialuric acid. It is precipitated by acids 
from a fresh solution and can be boiled without decomposition in dilute 
acetic acid but not in dilute hydrochloric acid. It is unaffected by treat- 
ment with H,S (60). 

Biltz and Heyn (61) pointed out that Mulder’s compound could be 
obtained as flat prisms with 0.5 mole of water of crystallization when the 
formation took place over CaO. A solution of alloxan and urea dried over 
H,SO, yielded only crystals of the unchanged solutes. Biltz and Heyn 
assigned the formula 


NH—CO 

CO COH-HN 
Sco 
4 

NH—COH-: NH 


We have observed that on mixing concentrated solutions of alloxan 
(1.6 gm.) and urea (0.6 gm.) in equimolecular amounts either in water or 
in 0.1 N H,SO, white crystals separate after 30 to 45 seconds. The product 
is much less soluble than alloxan or urea. A dilute aqueous solution of the 
product behaves as though it contained only the two reactants. Urease 
slowly removes urea from a solution of the product and phosphotungstic acid 
is reduced by the product in the presence of cyanide. In this respect it 
differs from ninhydrin ureide. The product is therefore either a slightly 
dissociated alloxan salt of urea or a hydrated ureide which is easily hy- 
drolyzed to alloxan and urea. It is of interest in this connection that Van 
Slyke and Hamilton (62) showed that urea and ninhydrin (which is structur- 
ally related to alloxan) combine readily to form ninhydrin ureide. As 
pointed out by Mulder (60) alloxan will not remain unchanged for long 
when it is present in solutions containing urea (as for example in blood or 
urine). However, we observe that solutions of alloxan containing an 
equivalent of urea after standing 12 hours at room temperature cause the 
same amount of reduction of phosphotungstic acid-cyanide reagent as is 
caused by a fresh mixture of alloxan and urea or by alloxan in the absence 
of urea. 

Amino Acids—<Alloxan reacts with amino acids (except proline) at pH 
near 7.0 to give purpuric acid salt (63) which is colored in neutral or 
alkaline solution (19), an aldehyde containing one less CH, than the amino 
acid (64) and CO, and NH;. Wieland and Bergel (65) note that the 
reaction is catalyzed by Pd black. Lieben and Edel (24) concluded that 
color formation on interaction of alloxan with amino acid (or NHs3) was 
unsatisfactory as a measure of either alfoxan or amino acids (or NH;) 
because (a) the color faded rapidly, (6) the method was not sufficiently 
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sensitive (especially with NHs), (c) the color was not proportional either to 
the alloxan or to the amino acid (or ammonia) present. This reaction with 
alloxan is analogous to that of ninhydrin with amino acids. It is inter- 
esting that the same conclusions have been reached with respect to nin- 
hydrin as a color reagent for measuring amino acids (66, 67) and ammonia" 
as Lieben and Edel reached with alloxan. Lieben and Edel (24) pointed 
out that alloxan reacts more easily with the SH groups of amino acids and 
proteins than with the a-NH: groups and that the color obtained when 
alloxan reacts with proteins or amino acids containing SH groups is due 
largely to oxidation of thiol groups. Therefore alloxan injected into cireu- 
lating blood is converted rapidly (a) to alloxanic acid by the alkali, (b) to 
alloxantin,‘ thence to dialuric acid by the thiol groups of plasma proteins 
circulating cysteine and any small amount of glutathione which may be 
present in plasma; a slower reaction with the a-NH) groups of circulating 
amino acids with formation of dialuric acid (or alloxantin or purpurie 
acid) would be anticipated. (c) Part (although a small part) of the alloxan 
probably combines with urea. 


Interpretation of Certain Biological Effects of Alloxan in the Light of Its 
Chemical Properties 

Bernheim (68) states it is difficult to decide whether the inhibition by 
cyanide of the 10-fold acceleration by alloxan of O, uptake of slices of guinea 
pig liver acting on ethyl alcohol is due to the inhibition of a cyanide-sensi- 
tive system through which alloxan must act, or whether it is due to a 
combination of cyanide with alloxan, thus inactivating it directly. It 
would seem that decomposition of alloxan in the presence of cyanide is 
sufficient to account for the cyanide effect observed by Bernheim even 
though the system may be sensitive to cyanide on other accounts. 

The fact that reduced glutathione partly counteracts the inhibition by 
alloxan of the formation of Robison and Cori esters (69) and that alloxan 
retards fermentation by yeast cells (2) is not surprising in view of the 
destruction of thiol groups by alloxan reported by Labes and Freisburger 
(19). Addition of alloxan to filtrates of whole blood containing glutathione, 
or to glutathione alone, results in the formation of dialuric acid.4* The 
product of this reaction has been identified by its reducing power and by 
formation of a deep violet-purple color on addition of excess baryta and by 
its reconversion on contact with O, to form alloxan. 

The possibility that circulating blood normally contains small amounts of 
alloxan should not be overlooked, especially in view of the report by Ascoli 
and Izar (70) and Preti (71) that dog liver or blood@@ontains an enzyme 
system capable of splitting urie acid to dialuric acid in the presence of 
oxygen and of synthesizing uric acid from dialuric acid in the absence of 


1 Unpublished data by D. D. Van Slyke and R. M. Archibald. 











Low 


~~ — oe 


= os ts 





R. M. ARCHIBALD 371 


oxygen. Dog liver perfused with normal blood destroyed uric acid. 
When, however, the blood was saturated with COs, uric acid reappeared 
(70). The marked rise in the blood level of uric acid which is observed in 
dogs in which severe shock is induced (72) might be explained in part by 
in vivo operation of this enzyme system. 

Lang (73) reported a single case of a patient who excreted either alloxan 
or a precursor of alloxan in urine. This sugar-free urine, which was yellow 
on voiding, turned reddish blue and alkaline on standing several hours. 
This change to alkalinity and the resulting odor of ammonia could be 
accounted for by the oxidation on contact with air, of the relatively strong 
dialuric acid to the weaker alloxan. This latter, once formed, would 
react with dialuric acid and ammonium ion to form the colored murexide. 
The possibility that the rapid rise in pH of the urine and the formation of 
alloxan or precursors were the result of bacterial action on urea and uric acid, 
respectively, should not be overlooked. Such a rapid increase in alkalin- 
ity, however, as that reported would be bacterial in origin only if there 
was gross infection, and the reported absence of leucocytes and erythrocytes 
leads one to believe that Lang’s patient may have had an unusual me- 
tabolic anomaly rather than cystitis or pyelitis. 

If dialuric acid is formed in blood, it would not be surprising if minute 
amounts of alloxan were formed by action of molecular oxygen carried by 
the hemoglobin. As indicated, however, in previous communications 
(31, 32), if alloxan is present in plasma, its concentration is inappreciable. 
Application of the most sensitive method (fluorometric) to filtrates of 
normal dog and human blood prepared rapidly by the modified Herbert 
and Bourne method indicates that the concentration of alloxan in normal 
plasma is less than 0.02 mg. per 100 ce. 

Since this manuscript went to press, the author has been informed by 
Leech and Bailey that they will publish shortly (74) two methods for the 
determination of alloxan in blood. Their findings with respect to the 
instability of alloxan in plasma have been confirmed, in part, by the author. 
The writer deeply appreciates the kindness of these workers in loaning a 
copy of their manuscript prior to its appearance in print. 


The author is indebted to Dr. D. D. Van Slyke for help in preparing the 
manuscript. Miss E. Stroh, Miss P. Ortiz, Mr. J. Bronner, and Mr. A. 
Despopoulas rendered valuable technical assistance during the development 
of the methods. 


No significant change in the blood sugar level of dogs has been observed 2, 5, 
and 48 hours after the intravenous injection (150 mg. per kilo) of freshly prepared 
dialurate (56), or after repeated doses of half as much ninhydrin. The observation 
with dialurate confirms that of Jacobs (3) with rabbits and of Goldner and Goméri 
(16) with dogs. That with ninhydrin is of interest in supporting their (16) statément 
concerning the specificity of alloxan with respect to its ability to produce diabetes. 
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SUMMARY 


1. A gasometric, titrimetric, three colorimetric, and one fluorometrie 


methods for the determination of alloxan have been outlined. 


2. The chemical properties of alloxan are discussed in relation to methods 


for its quantitative determination and its stability in physiological liquids, 


3. In the presence of cyanide and oxygen, dialuric acid gives rise to 


peroxide. 


4. Blood plasma and urine of normal humans and dogs contain less than 


0.02 mg. of alloxan per 100 cc. 


—" 
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Reactions of Glutamine on Which Present Determination Is Based 


Glutamine, like other a-amino acids, possesses the necessary specific 
configuration to react with ninhydrin with the evolution of COs, and its 
carboxy! (a-amino') nitrogen can therefore be meastu.zed by methods already 
published (1). Glutamine is also readily converted practically quantita- 
tively, by heating in solution under conditions defined with regard to pH 
and time, to pyrrolidonecarboxylic acid; this latter compound does not 
react with ninhydrin to evolve CO,. If a solution containing glutamine is 
analyzed for carboxyl nitrogen with and without being subjected to con- 
ditions that effect conversion of glutamine to pyrrolidonecarboxylic acid, 
the difference in carboxyl nitrogen between the treated and untreated 
samples will be a measure of the glutamine present in the solution. 

To determine the glutamine carboxyl nitrogen in deproteinized picric 
acid filtrates of blood plasma and tissues, samples of filtrate are analyzed for 
carboxyl nitrogen by the manometric ninhydrin-CO, method (1) with and 
without heating for 90 minutes at 100° in 0.08 m phosphate buffer of pH 
6.5. The difference in carboxyl nitrogen between the heated and unheated 
samples of filtrate, multiplied by a factor to correct for a small loss of 
glutamine carboxy] nitrogen in the unheated sample that occurs during the 
course of the procedure, gives the glutamine carboxyl nitrogen in the 
filtrate analyzed. A concentration of 1.0 mg. of glutamine carboxy]! 
nitrogen per 100 cc. in plasma (about the usual plasma concentration) can 
be determined to within +5 per cent; glutamine in an aqueous solution of 
the same concentration can be determined to within +2 per cent. 

The application of the ninhydrin-CO, method to the determination of 


1 The term ‘‘carboxy! nitrogen”’ is used to indicate values calculated as 1 gm. atom 
of nitrogen per mole of CO: evolved by reaction of a-amino acids with ninhydrin (1). 
In the paper by Hamilton and Van Slyke (2) the term ‘‘a-amino nitrogen’”’ was used 
synonymously. ‘‘Carboxyl nitrogen,’’ though unconventional, is less likely to be 
confused with the term ‘‘amino nitrogen,’’ which is reserved for nitrogen determined 
by the nitrous acid procedure of Van Slyke (3). 
375 
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glutamine in blood plasma filtrates has already been outlined in principle in 
a brief communication (4). Independently Neuberger and Sanger (5) 
applied the same principle to the determination of glutamine in potato 
extracts. Certain significant variables such as pH, temperature, nature 
and concentration of buffers employed for the change of glutamine to pyrrol- 
idonecarboxylic acid, that must be taken into consideration in the quanti- 
tative determination of glutamine, were not considered in their paper. 

The method presented in this paper can be carried out with reasonable 
rapidity, with a fairly high degree of specificity, and with less preparative 
procedure than most of the methods reviewed below. The method also 
yields the total carboxyl nitrogen of the free amino acids present in the 
filtrate analyzed. This value, determined on the picric acid filtrate after 
precipitation with neutral lead acetate, is lower than that obtained on the 
filtrate before treatment with lead acetate by the method of Hamilton and 
Van Slyke (2); the total carboxyl nitrogen of plasma picric acid filtrates is 
reduced by about 5 per cent and tissue filtrates by about 10 per cent by the 
lead precipitation. It appears that the precipitation with lead removed 
small amounts of amino acids other than glutamine. 

Interfering and Non-Interfering Substances—Ammonia, glucose, pyruvic 
acid, pyrrolidonecarboxylic acid, and a-amino acids do not interfere in the 
determination. Neither asparagine nor glutamic acid interferes: the 
conditions used for ring closure of glutamine change the carboxy] nitrogen of 
these compounds less than 0.1 per cent. Urea, because of its spontaneous 
evolution of CO, in hot solution, is a disturbing factor if present in relatively 
large amounts. In glutamine determinations in blood plasma, urea is 
therefore routinely removed by urease. In the analysis of tissues for 
glutamine it is unnecessary to remove urea, provided it is not present in 
abnormally great amounts. Glutathione and ascorbic acid in tissues, and 
ascorbic acid in plasma, will give rise to positive errors of considerable 
magnitude in the analytical procedure, but both are conveniently remuved 
by a single precipitation at pH 6.5 with neutral lead acetate. 

The conditions influencing the speed and completeness of the change of 
glutamine to pyrrolidonecarboxylic acid have been subjected to detailed 
study, and the influence of pH, temperature, the nature and concentration 
of buffer on its stability were systematically investigated. The most 
pertinent data with respect to the effect of these variable factors are in- 
cluded in this paper. 

Previous Procedures for Glutamine Determination—The classical method 
for the determination of amide nitrogen originated with Sachsse (6) who 
measured the ammonia nitrogen liberated from protein-free filtrates of 
plant tissues on hydrolysis with 4 Nn sulfuric acid at 100° for 4 hours. The 
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amide nitrogen of both glutamine and asparagine is liberated quantitatively 
as ammonia under the condition of hydrolysis devised by Sachsse (6).? 

Chibnall and Westall (9) noted that the amide group of glutamine was 
extensively hydrolyzed if the solution was heated at 100° for 3 hours at 
pH 8, whereas asparagine was scarcely affected by this treatment. They 
also noted that not only the a-amino nitrogen but also 84 per cent of the 
amide nitrogen of glutamine was determinable by the Van Slyke nitrous acid 
procedure for analysis of a-amino acids (3) when the reaction with nitrous 
acid was carried out for 10 minutes. As the amide group was hydrolyzed, 
a decrease in amino nitrogen determinable by nitrous acid occurred which 
paralleled the ammonia production. Chibnall and Westall tentatively 
suggested that these changes occurred as a result of the conversion of 
glutamine to ammonia and glutamic acid, part of the glutamic acid being 
subsequently converted to pyrrolidonecarboxylic acid. They also sug- 
gested that the change of amino nitrogen could be taken as a measure of 
the glutamine in plant filtrates. 

The work of Chibnall and Westall (9) was extended by Vickery, Pucher, 
Clark, Chibnall, and Westall (10) to provide a quantitative method for the 
determination of glutamine in plant tissue extracts by measurement of the 
ammonia liberated in 2 hours at 100° at pH 6.5. These authors were 
cognizant of the fact, experimentally investigated by Chibnall and Westall 
(9), that urea was an interfering substance, but considered the traces of urea 
likely to be encountered in plant tissue extracts to give rise to negligible 
errors. These authors also provided evidence that glutamine was con- 
verted to ammonia and pyrrolidonecarboxylic acid, and not to ammonia 
and glutamic acid as originally postulated by Chibnall and Westall (9). 

Pucher and Vickery (11) have described a more specific method for the 
determination of glutamine, based on the work of Chibnall and Westall (9) 
and Vickery et al. (10), in which plant filtrates are heated under specific 
conditions to give practically quantitative conversion of glutamine to 
pyrrolidonecarboxylic acid. This substance was then extracted from: the 
filtrate with ethyl acetate in a continuous extraction apparatus. Amino 
nitrogen determinations by the nitrous acid method (3) were carried out on 
aliquot portions of an aqueous solution of the extracted material before and 
after heating for 2 hours at 100° in the presence of 2N HCl. The hydrol- 
ysis reconverted the pyrrolidonecarboxylic acid to glutamic acid and the 
increase in amino nitrogen was taken as a measure of the glutamine. The 
extraction technique of Pucher and Vickery (11) makes removal of ammonia 
and urea unnecessary, but the analytical procedure is somewhat lengthy. 


* Although the classical method for the determination of amide nitrogen was 
devised by Sachsse (6), glutamine was discovered by Schulze (7) and asparagine was 
discovered by Vauquelin and Robiquet (8). 
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Krebs (12) found that hydrolysis of the amide nitrogen of glutamine was 
complete in 5 minutes at 100° in 5 per cent sulfuric acid, while 23.2 per cent 
of the amide nitrogen of asparagine was hydrolyzed under the same con- 
ditions. Urea was claimed not to be hydrolyzed by the procedure. Chib- 
nall and Westall (9) found that 22.9 per cent of the nitrogen of urea wag 
liberated as ammonia in 1 hour at 100° in 1 N sulfuric acid. Harris (13) 
recognized the importance of this fact in his investigation of the rate of 
hydrolysis of glutamine amide nitrogen in trichloroacetic acid filtrates of 
blood plasma and in spinal fluid and in 0.7 n hydrochloric acid. Harris 
measured the ammonia nitrogen in deproteinized filtrates incubated for 1 
hour and 15 minutes at 70° in 10 per cent trichloroacetic acid; complete 
hydrolysis of glutamine amide nitrogen occurs under these conditions. 
Any ammonia nitrogen that was liberated in a second period of 1 hour and 
15 minutes at 70° was considered to come from urea and was accordingly 
subtracted from the ammonia nitrogen produced during the first incubation 
period. Under these conditions only 12 to 15 per cent of asparagine amide 
nitrogen is liberated; no evidence of the presence of asparagine in blood 
plasma was obtained. 

More recently Archibald (14) has developed a highly specific method 
in which the amide group of glutamine is hydrolyzed by the enzyme 
glutaminase. If a good source of enzyme is available (dog kidney), the 
precision and specificity of the method are undeniable. 


A pparatus 


The Van Slyke-Neill manometric apparatus, storage vessel for CO,-free 
0.5 n NaOH, alundum pieces to promote smooth boiling, calibrated glass 
spoons for measuring 100 mg. of ninhydrin, water bath for reaction vessels, 
and wire basket for holding reaction vessels are all as described for the 
manometric ninhydrin-CO, method of Van Slyke, Dillon, MacFadyen, and 
Hamilton (1) or for the manometric carbon determination of Van Slyke 
and Folch (15). The all-glass reaction vessel, high temperature lubricant, 
and rubber connecting tubes are as described for the manometric ninhydrin- 
CO, method for the determination of carboxyl nitrogen in blood filtrates 
by Hamilton and Van Slyke (2). For analysis of tissues an ordinary 
household meat mincer and a Waring blendor, or other rapid mincer, are 
necessary. 

Reagents 

Ninhydrin, approximately 0.5 n NaOH of minimal CO, content in nearly 
saturated NaCl solution, approximately 5 n NaOH, approximately 2 N 
lactic acid in nearly saturated NaCl solution, and / per cent picric acid 
(0.0437 Nn) are as described by Hamilton and Van Slyke (2). The following 
reagents are also needed. 
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2.10 m phosphate buffer solution to give pH 6.7 when diluted. 16.28 gm. 
of anhydrous KH2PQ, and 12.92 gm. of anhydrous Na,HPO, are placed in a 
100 ec. volumetric flask, dissolved in distilled water, and made to volume. 
To 25 ec. of water, 1 cc. of the buffer is added and the pH of the solution 
checked at the glass electrode. It should be pH 6.7 + 0.1. 

$ mu acetate buffer solution to give pH 4.7 when diluted. 17.2 ec. of glacial 
acetic acid and 50 cc. of 3 N NaOH are mixed and made to 100 ec. volume 
with water. When 0.1 cc. of this buffer is added to 5 ec. of water, the pH 
should be 4.7 + 0.1. It is checked at the glass electrode. 

20 per cent neutral lead acetate solution. 23.5 gm. of neutral lead acetate, 
Pb(C,H;02)2-3H2O (equivalent to 20 gm. of Pb(C,H3O2)s, are dissolved in 
water and made to 100 ce. volume. The solution is stored in a well stop- 
pered bottle. 

0.2 n potassium iodate solution. 0.714 gm. of potassium iodate is made to 
100 ec. with water. 

Approximately 4.5 n acetic acid. 25 cc. of glacial acetic acid are made up 
to 100 cc. with water. 

Urease of low amino acid content, prepared according to the directions of 
Archibald and Hamilton (16). 

Approximately 0.75 n NaOH. 

0.4 per cent brom-thymol blue indicator, aqueous (17). 

0.4 per cent brom-cresol purple indicator, aqueous (17). 

Approximately 1 per cent picric acid solution containing 3 per cent acetic 
acid. 30 cc. of glacial acetic acid are diluted to 1 liter with 1 per cent picric 
acid solution. 


PROCEDURES 
Determination of Glutamine in Plasma 


Preparation of Plasma Filtrates—For plasma the following procedure is 
applicable. Blood is drawn (15 cc.) and placed in a flask containing 1.5 mg. 
of heparin as anticoagulant. The blood is centrifuged at once and the 
plasma separated. For duplicate analyses, 5 cc. of plasma are placed in a 
30 cc. volumetric flask, 10 mg. of urease of low amino acid content (16) are 
added, and the flask contents adjusted to between pH 6.5 and 7.0 by the 
addition of 1 N acetic acid, with a drop of 0.4 per cent brom-thymol blue as 
an internal indicator. The flask is then placed in a water bath at 37° for 
60 minutes. No measurable loss of glutamine occurs, provided acetate, 
and not phosphate, is used to buffer the plasma. If the plasma becomes too 
alkaline, as indicated by the development of a deep blue color, 1 N acetic 
acid is added till the color is restored to green. If the pH were permitted to 
exceed 7, action of the urease would be retarded and decomposition of 
glutamine would become significant. 
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Plasma and urease proteins are precipitated by making the volume to 30 
cc. with 1 per cent picric acid solution. If the plasma contains 100 mg. or 
more of urea nitrogen per 100 cc., the solution is made to 30 cc. by addition 
of the 1 per cent picric acid solution containing 3 per cent acetic acid. (The 
acetic acid is added in order to neutralize ammonia from the unusual 
amount of urea and to render the solution sufficiently acid to effect complete 
precipitation of the proteins by the picric acid.) After standing 10 minutes 
the solution is transferred to a 50 cc. round bottomed centrifuge tube and 
the precipitated proteins are separated by centrifugation for 5 minutes at 
3000 r.p.m. The supernatant solution is filtered through a funnel con- 
taining a plug of cotton about the size of a bean inserted into the lower end 
of the funnel stem (a larger plug or a filter paper might absorb too much 
filtrate to leave enough for duplicate analyses). 

Removal of Ascorbic Acid with Neutral Lead Acetate—A 25 cc. portion 
of the picric acid filtrate is pipetted into a 50 cc. Erlenmeyer flask and is 
followed by 1.0 cc. of 20 per cent neutral lead acetate solution. To the 
flask is added, with swirling, 1.0 cc. of 0.75 Nn NaOH solution; the flask is 
stoppered and shaken, and let stand 5 minutes. The precipitate is removed 
by pouring into a dry filter paper (Schleicher and Schill, 7 cm.; a larger 
paper absorbs too much to obtain the 24 cc. of filtrate needed for the next 
precipitation). In a 25 ce. volumetric flask is placed 1.0 cc. of 2.10 m 
phosphate buffer, pH 6.7, and the flask is filled to the mark with the filtrate 
from the lead precipitation. This serves to adjust the solution to ap- 
proximately pH 6.5 or a little higher, and practically all excess lead is 
precipitated as the insoluble phosphate. The precipitated lead phosphate 
is removed by filtration through a dry filter paper. A 5 cc. aliquot portion 
of this final filtrate is pipetted into each of four all-glass reaction vessels for 
the carboxy! nitrogen determination, and to each is then added 1 drop of 
0.4 per cent brom-cresol purple indicator, a drop of octyl alcohol, and 
three alundum beads. 

Determination of Carboryl Nitrogen, Including the a-Nitrogen of Glu 
tamine—The contents of one pair of reaction vessels are then adjusted to a 
faint red-brown color (pH approximately 4.7) with 4.5 N acetic acid (2 to 
3 drops) added dropwise. The reaction is then brought to pH 4.7 + 0.1, 
by adding 0.1 cc. of 3 M acetate buffer, pH 4.7. These two vessels are then 
heated over the free flame of a micro burner for exactly 1.5 minutes to boil 
off CO, that is present, or that may be formed from substances unstable at 
100° and pH 4.7. The reaction vessel is then cooled immediately in ice 
water for 2 minutes, and a 2nd drop of octyl alcohol is added. Minimal 
heating time is used in order to minimize conversion of glutamine to 
pyrrolidonecarboxylic acid. 

As soon as the 2 minute cooling period is ended, the short rubber con- 
necting tube is slipped over the side arm, 200 mg. (two 100 mg. spoonfuls) 
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of ninhydrin are dropped into the cold solution, the greased stopper is set 
in place, and the vessel is evacuated 30 seconds at a good water pump. 
The stopper is closed and the rubber connecting tube on the side arm closed 
with a glass plug, according to the technique described on p. 238 of the 
paper by Hamilton and Van Slyke (2). The vessels are immersed com- 
pletely in the 100° bath for exactly 4 minutes to complete the reaction of 
a-amino acids with ninhydrin. 

Determination of Carboxryl Nitrogen Minus That of Glutamine—The 
second pair of vessels, the solutions in which have also been adjusted to 
pH 6.5, is evacuated at the water pump till the pressure is reduced below 
25 mm., the stopper of each is closed, and the connecting rubber tube on 
the side arm plugged. The vessels are then immersed in the 100° bath for 
9) minutes to convert glutamine to pyrrolidonecarboxylic acid. They are 
then removed, cooled, and opened, and their contents are adjusted to pH 
4.7 as described for the preceding pair of tubes. The preformed CO, is 
removed, 200 mg. of ninhydrin are added, and the reaction vessels immersed 
for 4 minutes in the 100° bath, all as directed for the first two reaction vessels. 

Determination of CO.—The CO, evolved in each vessel by the reaction of 
ninhydrin with a-amino acids is measured manometrically as described on 
pp. 238-239 of the paper by Hamilton and Van Slyke (2). 

Determination of the c Correction—For these determinations a simulated 
plasma filtrate is prepared by adding 11 cc. of 0.10 N NaOH to 50 ce. of 
1 per cent picric acid and the volume is then made to 100 cc. with water; 
the pH of the solution is 2.0 + 0.1. Portions of this simulated filtrate are 
treated with neutral lead acetate and phosphate buffer, exactly as for true 
plasma filtrates, to give a “blank’’ filtrate. 

The ¢ correction is the p; — pe value obtained by analysis of the simula- 
ted plasma filtrate. The greater part of the c correction, 20 to 25 mm. of 
CO, pressure measured at 0.5 cc. volume, is due to carbonate in the 0.5 N 
NaOH used as a reagent in the carboxyl nitrogen determination, but 2 to 5 
additional mm. are added by the other reagents.’ The c correction is the 
same for unheated and heated samples of both plasma and tissue filtrates. 

Calculations—The pressure, Pco,, of CO, from the amino acid carboxy] 
groups for both unheated and heated samples is calculated as: 


Pco: = Pi — Pac 
The carboxy] nitrogen is calculated as: 


Mg. carbozryl nitrogen per 100 cc. plasma = Pco, X factor X V 





* Some lots of ninhydrin give no blank; others, for reasons not clearly understood, 
do give asmall blank value. A blank value from ninhydrin is also more pronounced 
in picrate-phosphate solution at pH 4.7 than for other conditions of analysis previ- 
ously described (1). 
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The values for the factors are given in Column 1, Table I. Peo, when 
multiplied by these factors, gives mg. of carboxyl nitrogen per sample 
analyzed. V is the ce. of filtrate analyzed equivalent to 100 ec. of plasma 
and converts mg. of carboxyl nitrogen per sample analyzed to mg. of 
carboxyl nitrogen per 100 cc. of plasma. For plasma V = 135.0, when the 
preparation of plasma filtrates is as described. For ease in calculating 
results the value of factor X V is given in Column 2, Table I. 

If the mg. of carboxyl nitrogen per 100 cc. of plasma determined in the 
unheated filtrate (glutamine carboxyl N included) are designated as Ay, 
and mg. of carboxyl nitrogen per 100 cc. of plasma for the filtrates heated 
90 minutes (glutamine carboxyl N removed) are designated as Ago, the mg. 
of glutamine carboxyl nitrogen are calculated as 


Mg. glutamine carboxyl nitrogen per 100 cc. plasma = (Ao — Ago) X 1.095 


The factor 1.095 is an experimentally determined correction factor based 
on analysis of pure glutamine under identical analytical conditions. The 
determination of this factor is discussed in a later part of this paper. 


Determination of Glutamine in Tissues 


Handling of Tissues—Organ tissues are obtained from a freshly killed 
animal and are either worked up at once or are rapidly frozen by packing 
them in solid CO,. They are stored in a box cooled below —40° with 
solid CO, until analyzed. Tissues have been stored packed in solid CO, 
for 2 to 3 months without change in glutamine content. 

Preparation of Filtrate—The tissue to be analyzed is stripped of visible 
fat and connective tissue and passed twice through an ordinary meat 
mincer. It is unnecessary to decompose urea as in plasma, provided the 
urea is not elevated above normal values. A 20.0 gm. portion of the minced 
tissue is placed in a Waring blendor charged with 10 ce. of 1 per cent pieric 
acid for each gm. of tissue other than brain. A more dilute filtrate of 
brain tissue is desirable, and 15 cc. of 1 per cent picrie acid per gm. of tissue 
are used. It has been found that, if a more concentrated filtrate of brain 
tissue is used, loss of glutamine occurs when the filtrate is treated with lead 
acetate in the next step of the analysis. 

5 minutes “‘blending” with the picric acid solution suffice to mince all of 
the lumps of tissue and to precipitate the proteins. 

Each tissue suspension is divided equally between two 250 ec. centrifuge 
cups and is centrifuged for 10 minutes at 2000 r.p.m. The centrifugate is 
filtered through dry filter paper. Most organ tissues treated in this way 
give clear filtrates, but brain, liver, and gastrointestinal tract give cloudy 
filtrates. This cloudiness is removed by the next step in the procedure. 

Removal of Glutathione and Ascorbic Acid with Neutral Lead Acetate—A 
20 ce. portion of the picric acid filtrate is pipetted into a 25 cc. volumetric 
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TaBie I 
Factors by Which Pco, Is Multiplied to Obtain Mg. of Carboryl Nitrogen per Sample of 
Filtrate Analyzed, and Mg. of Carboxyl Nitrogen per 100 Cc. of Plasma, per 100 Gm. 
of Tissue (Except Brain Tissue), and per 100 Gm. of Brain Tissue 
The 5 cc. portion of filtrate analyzed represents 0.724 ec. of plasma, 0.291 gm. of 
tissue (except brain), and 0.200 gm. of brain tissue. 
S = 3.00 and a = 0.5 (i = 1.006) in all analyses, with reagents made up in 25 per 


cent NaCl solution as described by MacFadyen (18). 


Tissue (except 


Temperature Sample suatyast Plasma beatae — 
2) (3) 

C. 

15 0.0004020 0.0543 0.1383 0.2010 
16 O4 41 77 02 
17 0 .0003987 38 72 0.1994 
18 70 36 66 85 
19 oF 34 60 77 
20 38 32 55 69 
21 22 29 49 61 
22 06 27 44 | 53 
23 0.0003890 25 38 45 
24 75 23 33 38 
25 61 21 28 30 
26 46 19 23 23 
27 31 17 18 16 
28 16 15 13 0s 
29 02. | 13 08 01 
30 0.0003787 1] 03 0.1894 
31 72 09 0.1298 86 
32 58 07 93 79 
33 45 O06 8S 72 
34 31 04 83 66 
35 17 02 79 58 


If excessive amounts of carboxy] nitrogen are encountered which necessitate meas- 
uring the evolved CO; at 2.00 cc. volume, the factors in the column under a = 2.000 in 
Table I of the paper by MacFadyen are used to multiply Po, to obtain mg. of car- 
boxyl nitrogen per sample analyzed. The mg. of carboxyl nitrogen per sample 
analyzed, multiplied by 135.0, gives mg. of carboxy! nitrogen per 100 cc. plasma, by 
344, gives mg. of carboxyl nitrogen per 100 gm. of tissue (except brain), and by 500, 
gives mg. of carboxy! nitrogen per 100 gm. of brain. 


flask, followed by 1 cc. of 20 per cent neutral lead acetate solution. Then 
1.0 ce. of 0.75 N NaOH is added, a drop at a time with mixing of the flask 
contents after each addition. The mixture is made to volume with water, 
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let stand 10 minutes, and is then transferred to a centrifuge tube, and the 
precipitate is either centrifuged or filtered on a dry filter paper. Toa 20¢e¢. 
portion of this filtrate, in a 25 cc. volumetric flask, is added 1 cc. of the 
2.10 m phosphate buffer solution of pH 6.7, and the solution is made to 
volume with water. The precipitated lead phosphate is thrown down by 
centrifugation and the centrifugate filtered through a dry filter paper. 

Determination of Glutamine and Total Carboryl Nitrogen—lIn each of four 
all-glass reaction vessels for carboxyl nitrogen are placed 5 cc. of the final 
filtrate and to each is added 0.1 ec. of 0.2 N potassium iodate solution. This 
serves to convert any trace of glutathione that may have escaped pre- 
cipitation by the lead to the oxidized (disulfide) form in which its carboxyl 
nitrogen is much more stable during the subsequent heating at 100°. The 
Ag and Ag carboxyl nitrogen values are determined as for plasma. 

Calculations—As in analysis of plasma filtrates, the Peo, of CO, from 
the amino acid carboxyl groups of the unheated and heated samples is 
calculated as 


Pco: = ~Pi — P2 — € 


The determination of the c correction is the same as that for plasma. The 
carboxyl nitrogen is calculated as 


Mg. carboxyl nitrogen per 100 gm. tissue = Pco, X factor X V 


The values for the factors are given in Column 1, Table I. Peo,, when 
multiplied by these factors, gives mg. of carboxyl nitrogen per sample of 
filtrate analyzed. V is the cc. of filtrate analyzed equivalent to 100 gm. of 
tissue. If brain tissue is analyzed, ) = 500; for all other tissues V = 344. 
In calculating the value of V,, it is assumed for practical purposes that 1 gm. 
of tissue occupies 1 ec. volume. For ease in calculating results, the values 
of factor X V, for tissue (except brain) and for brain tissue, are given in 
Columns 3 and 4, Table I. 

The glutamine carboxyl nitrogen content of the tissue analyzed is cal- 
culated as 


Mg. glutamine carboryl nitrogen per 100 gm. tissue = (Ao — Ago) X 1.095 


The factor 1.095 corrects for losses of glutamine carboxy! nitrogen that 
occur under the conditions of analysis. Its determination is discussed 
later in the paper. 

No investigation has been carried out on tissues of animals with other 
than normal urea content. 

Determination of Glutamine in Whole Blood and Red Blood Cells -The 
determination of glutamine in whole blood or red blood cells by the methods 
described for tissues is impracticable because of the 5- to 6-fold dilution 
that occurs during the removal of blood proteins and glutathione. The 
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difference in carboxyl nitrogen between the Ao and Ag analyses is too 
small to measure with a sufficient degree of accuracy. A few trial analyses 
indicate that the glutamine concentration per 100 cc. of red blood cells 
(human) is about the same as the value per 100 cc. of plasma from the 


same blood sample. 
EXPERIMENTAL 


Reaction of Glutamine‘ with Ninhydrin—Because of the rapidity with 
which glutamine undergoes ring closure by the elimination of ammonia to 
form pyrrolidonecarboxylic acid, especially at 100° in aqueous solution, the 
yield of carboxyl nitrogen obtained by heating with ninhydrin is always 
less than the calculated theoretical yield of 1 gm. atom per mole; a small 
proportion of the glutamine changes to pyrrolidonecarboxylic acid before 
there is time for complete reaction with ninhydrin, and is thus prevented 
from reacting with ninhydrin. In acetate-buffered solutions of pH 4.7, 
with acetate concentrations 0.01, 0.1, and 0.5 m respectively, the yield of 
carboxyl nitrogen obtained from glutamine heated with ninhydrin was 
0.995, 0.995, and 0.983 gm. atoms respectively per mole of glutamine. In 
phosphate solutions of the same molar concentration and pH, the yield of 
carboxy] nitrogen was 0.995, 0.983, and 0.962 gm. atoms per mole respec- 
tively. In 0.1 M citrate or lactate of pH 4.7 the yield was 0.983 gm. atom 
per mole. The yield of carboxyl nitrogen in buffered solutions was not 
altered by the addition of picrate ion in the concentration encountered in 
plasma and tissue filtrates. The effects of acetate, phosphate, citrate, and 
lactate solutions on the speed of ring closure of glutamine are discussed in 
later sections of this paper. 

If the ninhydrin reaction is carried out in solutions more acid than pH 
4.7, the yield of carboxy] nitrogen is reduced below the values noted above 
because of more rapid ring closure of glutamine; larger fractions of the 
glutamine undergo ring closure before reaction with ninhydrin occurs. 
For example, at pH 2.0 in 0.5 per cent picric acid solution the carboxyl 
nitrogen yield is 0.962 gm. atom per mole of glutamine, as compared with 
0.995 gm. atom in 0.5 per cent picric acid plus NaOH and acetate buffer 
to bring the pH to 4.7. 

The preliminary heating over the free flame of a micro burner for 1.5 min- 
utes to remove preformed CO, causes sufficient conversion of glutamine to 
pyrrolidonecarboxylic acid to decrease measurably the glutamine carboxy] 
nitrogen, the magnitude of the decrease depending on the nature and 
concentration of buffer in the solution. Under the conditions outlined for 


‘ The gift of a generous sample of glutamine from Dr. G. W. Pucher and Dr. H. B. 
Vickery of the Connecticut Agricultural Experiment Station, New Haven, is grate- 
fully acknowledged. 
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analysis of plasma and tissue filtrates, the loss is 5 per cent if the solution 
is heated 1.5 minutes to remove preformed CO, and cooled immediately 
thereafter in ice water. 3 

For any given set of conditions, consecutive analytical values for carboxy] 
nitrogen usually differ by less than +1 per cent. The following experi- 
ments are illustrative. 


A 10 mg. sample of glutamine was dissolved in 100 cc. of an aqueous solution of 
0.5 per cent picric acid (previously adjusted to pH 2.0 by the addition of NaOH to 
simulate plasma filtrates with respect to picric acid concentration and pH) and 5 ee. 
portions of this solution were placed in each of six all-glass reaction vessels. The 
contents of the vessels were adjusted to pH 4.7, and then phosphate was added to 
give the same concentration as was found in the A» analyses described for the de- 
termination of glutamine in picric acid filtrates. Preformed CO, was removed by 
evacuation of the vessels at the water pump, 200 mg. of ninhydrin were added, and 
the vessels were placed in the 100° bath for exactly 4 minutes. The analytical values 
obtained were 0.990, 0.974, 0.986, 0.981, 0.984, and 0.987, average 0.984, gm. atoms of 
carboxy! nitrogen per mole of glutamine. In two other series of analyses, preformed 
CO, was removed by 1.5 minutes heating over the free flame of a micro burner. The 
analytical values were 0.929, 0.939, 0.937, 0.937, 0.938, 0.921 gm. atoms of carboxy] 
nitrogen per mole of glutamine and 0.909, 0.931, 0.916, 0.939, 0.931, 0.932 gm. atoms 
per mole respectively, giving an average yield of 0.930 gm. atom per mole for these 


twelve analyses. 


Conditions for Maximal Formation of Pyrrolidonecarborylic Acid from 
Glutamine at pH 6.5—Al\though the ammonia formed on ring closure of 
glutamine is 1 mole per mole, the maximal yield of pyrrolidonecarboxylie 
acid, as measured by the disappearance of carboxyl nitrogen, was found to 
be 0.99 mole per mole because 1 per cent of the product is glutamic acid and 
99 per cent pyrrolidonecarboxylic acid. Under the conditions of the ana- 
lysis, after all of the glutamine amide nitrogen is split off as ammonia, the 
equilibrium appears to be reached when pyrrolidonecarboxylic acid and 
glutamic acid are present in the ratio 100:1. 


This was shown by the following experiment: 5 cc. portions of 0.01 per cent glu- 
tamine solution in 0.5 per cent picric acid, pH 2.0, were placed in five all-glass reaction 
vessels and adjusted to pH 6.5 with 0.105 m final concentration of phosphate buffer. 
The vessels were partially evacuated and immersed in the 100° bath for 90 minutes. 
After removing them from the bath, the contents were at once cooled and adjusted 
to pH 4.7 and the analysis was carried out exactly as for those samples in the previous 
experiment. The carboxy! nitrogen was 0.01, 0.01, 0.01, 0.01, and 0,01 gm. atoms per 
mole of original glutamine. Aliquot samples of the same solution heated in the 100° 
bath for 120 minutes gave no further decrease in carboxyl nitrogen, nor could the 
residual carboxy] nitrogen be reduced below 0.01 gm. atom per mole by effecting ring 
closure at other pH values, in other buffer concentrations, or in other buffer mixtures. 


In buffered solutions of pH 6.5 of 0.08 m phosphate concentration, the 
residual carboxyl nitrogen is slightly but definitely higher: the average of 
forty-six separate determinations was 0.016 gm. atom per mole. 
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On heating glutamine at 100° in solutions of pH 3 in acetate or phosphate 
solutions of 0.008, 0.08, and 0.4 Mm concentration, the residual carboxyl 
nitrogen was 0.03 te 0.05 gm. atom per mole of original glutamine. At 
pH 6.5 the residual carboxyl nitrogen was 0.02 to 0.03 gm. atom per mole in 
acetate solutions of the same molar concentration and 0.01 to 0.02 gm. atom 
per mole in phosphate solutions. These results are in keeping with the 
findings of Wilson and Cannan (19), who showed that glutamic acid and 
pyrrolidonecarboxylic acid form a reversible system whose equilibrium 
constant is governed by the pH of the solution. At pH 6.5 the equilibrium 
yields nearly complete pyrrolidonecarboxylic acid formation. At pH 3 
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Fic. 1. Ring closure of glutamine at pH 6.5 


the proportion of glutamic acid is increased and the proportion of pyr- 
rolidonecarboxylic acid decreased. 

Conditions Which Influence Duration of Heating Glutamine Solutions at 
100° Required to Give Minimal Carboxyl Nitrogen Values—The time neec- 
essary to heat glutamine solutions to obtain maximal conversion to 
pytrolidonecarboxylic acid depends on the choice of buffer selected, its 
concentration, the pH, and the temperature. 

In Fig. 1 the time necessary ‘to heat glutamine in aqueous solutions of 
pH 6.5 at 100° to give minimal carboxyl nitrogen values (7.e., maximal 
formation of pyrrolidonecarboxylic acid) is plotted against molar concentra- 
tions of the solution. It is seen that at constant pH of 6.5 for all molar 
concentrations of phosphate investigated the time of heating necessary for 
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maximal formation of pyrrolidonecarboxylic acid is very much less than 
in solutions of lactate, citrate, or acetate of the same molar concentration 
and pH. 


The curves in Fig. 1 were obtained by heating glutamine in solutions adjusted to 
pH 6.5 in the molar concentrations shown. Each curve was obtained by heating 
aliquot samples of glutamine in all-glass reaction vessels at 100° for 0.5, 1, 2,3, 5, and 
7 hours. After they were removed from the bath and cooled, a drop of brom-crego] 
purple indicator was added, followed by 1 n HCl, until the solution became a faint 
brown color (approximately pH 4.7). Acetate buffer (0.1 cc. of 3 m) was added to 
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Fic. 2. Ring closure of glutamine heated at 0.08 m phosphate buffer at 100° for 30, 
; 60, 90, and 150 minutes 


bring the solution to pH 4.7 + 0.1. Preformed CO, was removed by preliminary 
heating over the free flame of a micro burner for exactly 1.5 minutes. On cooling, 
200 mg. of ninhydrin were added and the carboxy! nitrogen was determined. The 
residual carboxy! nitrogen, computed as a per cent of the carboxyl nitrogen initially 
present in the solution, was plotted against the time of heating and a smooth curve 
drawn through the points and the time necessary to heat at 100° to obtain minimal 
values for carboxyl nitrogen read from the curve. 


In Fig. 2 the percentage of theoretical carboxyl nitrogen that remains 
after heating glutamine solutions for 30, 60, 90, and 150 minutes at 100° 
is plotted against the pH of the solution; the effect in 0.08 m phosphate is 
compared with that in 0.08 m acetate. Ring closure is slowest in the 
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phosphate solutions when the pH is 4.7 and is faster for values that are 
more acid or more alkaline than 4.7. In acetate solution, ring closure is 
slower than in phosphate solution, and the curve for 30 minutes heating, 
which is representative of the behavior in acetate, shows no acceleration of 
ring closure as the pH increases above 4.7. 

The differences noted for the speed of ring closure of glutamine in ace- 
tate, citrate, or lactate solutions of pH 6.5, as compared with the speed of 
ring closure in phosphate solutions of the same pH and molar concentration, 
serve to emphasize that the behavior of glutamine when heated in aqueous 
solution is dependent not only upon the time, temperature, and hydrogen 
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Fig. 3. Ring closure of glutamine at pH 6.5 


ion concentration but also the concentration and kind of buffer constituents 
of the solution. For example, to change from one buffer system without 
phosphate to one containing phosphate will markedly alter the time nec- 
essary to heat glutamine in solution to obtain maximal ring closure. 

Fig. 3 shows the data of Fig. 1, plotted against ionic strength of the 
solutions u, as abscissae. It is seen that the difference in speed of ring 
closure is also independent of the ionic strength of the solutions. The 
results indicate that, at least at pH 6.5, ring closure is more rapid in the 
presence of phosphate than of acetate, citrate, or lactate buffers, when they 
are in either the same molar concentration or the same ionic strength as the 
phosphate. 
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Effect of Temperature on Speed of Formation of Pyrrolidonecarboxylie 
Acid from Glutamine—Glutamine in solutions of 0.5 per cent picrie aeid, 
pH 2, loses 8 to 10 per cent of its carboxyl nitrogen per 24 hours when kept 
at 25°. When similar solutions are stored at 4°, the loss of carboxyl 
nitrogen is about 0.5 to 0.8 per cent per 24 hours. When working with 
plasma or tissue filtrates containing glutamine, it is therefore desirable to 
analyze them for carboxyl nitrogen at once. 

Determination of Empirical Correction Factor for Glutamine Analysis—The 
vield of glutamine carboxy! nitrogen has been shown to be 0.930 gm. atom 
per mole of glutamine when preformed CQ, is removed by 1.5 minutes 
heating over the free flame of a micro burner, and the reaction with nin- 
hydrin is carried out at pH 4.7 in 0.08 m phosphate concentration. The 
residual carboxyl nitrogen, after glutamine is heated in solution of pH 6.5 
and 0.08 m phosphate concentration for 90 minutes at 100°, has been shown 
to be 0.016 gm. atom per mole of glutamine. The difference, 0.930 —0.016 
= ().914 gm. atom, is the loss of carboxyl nitrogen equivalent to | mole of 
glutamine when solutions are analyzed before and after heating under these 
conditions. To correct for losses of glutamine carboxyl nitrogen when 
determined by the described procedure, the analytical values are ae- 
cordingly multiplied by 1/0.914 or 1.095. 

Non-Interference by Glutamic Acid and Asparagine—Not only glutamine 
but also glutamic acid undergoes anhydride formation with conversion to 
pyrrolidonecarboxylic acid. However, the rate of ring formation from 
glutamic acid is so slow under the conditions used in the analysis of glu- 
tamine that less than 0.1 per cent of the glutamic acid is converted during 
the 90 minute heating period. 

Asparagine, if present, will introduce no significant error because its acid 
amide group is hydrolyzed to less than 0.1 per cent under the conditions of 
the analysis. 

Non-Interference of Other Components of Plasma and Tissue Filtrates, 
Other Than Glutathione, Ascorbic Acid, or Urea—Plasma and tissue filtrates, 
free of urea, glutathione, and ascorbic acid, were hydrolyzed for 5 minutes 
with 2 nN hydrochloric acid at 100° to convert all glutamine to ammonia and 
glutamic acid. Excess hydrochloric acid was removed by vacuum distil- 
lation, and the dry residue taken up in distilled water and made to the 
original volume. 5 ce. aliquot portions of this solution were analyzed for 
carboxyl nitrogen before and after heating for 90 minutes as described for 
plasma filtrates. The carboxyl nitrogen values for unheated and heated 
samples of plasma filtrate prepared in this manner were 5.98 and 5.96 mg. 
per 100 ce. respectively. A heart muscle filtrate, also prepared similarly, 
with the exception that urea was not removed, gave 26.25 and 26.18 mg. of 
carboxyl nitrogen per 100 gm. of tissue for the unheated and heated samples 
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respectively; the small difference noted here may be attributable to the 
presence of the urea in the filtrate. 

The addition of glucose or pyruvie acid has similarly no demonstrable 
effect on the carboxyl nitrogen values of the unheated and heated samples. 

Very labile non-specific sources of CO, such as acetoacetic acid, bicar- 
bonate-CO,, and CO, in solution, are eliminated by the preliminary heating 
for 1.5 minutes over the free flame of a micro burner, before reaction with 
ninhydrin is carried out (1). 

Interference of Glutathione, Ascorbic Acid, and Urea—Since glutamic acid 
is linked through its 6-carboxyl group to the a-amino group of cysteine in 
glutathione, the —CH(NH,)-COOH group of the glutamic acid is free and 
reacts on heating in aqueous solution with ninhydrin with the evolution of 
CO, equivalent to 1 atom of carboxyl nitrogen per mole of the peptide (1). 

It is known that glutathione breaks down spontaneously in aqueous 
solution at neutral pH with the liberation of its glutamic acid moiety as 
pyrrolidonecarboxylic acid. Heating reduced glutathione in 0.08 m phos- 
phate buffer at pH 6.5 for 90 minutes at 100° causes a loss of 47 per cent of 
its carboxyl nitrogen, presumably due to the formation of pyrrolidone- 
carboxylic acid. On the other hand, heating oxidized glutathione with the 
SH— group in the disulfide —S—S— form causes a loss of only 8 per cent 
of its carboxyl nitrogen under similar conditions. The explanation of this 
finding is being further investigated. 

It was found that 90 per cent of reduced glutathione, in the concentra- 
tions encountered in tissue filtrates, is precipitated from deproteinized 
pieric acid filtrates at pH 6.5 by neutral lead acetate. It was also found 
that potassium iodate rapidly oxidizes glutathione in picric acid filtrates, at 
room temperature, and the presence of potassium iodate does not interfere 
with the subsequent reaction of amino acids with ninhydrin. Accordingly, 
when most of the glutathione is removed from tissue filtrates by precipi- 
tation with neutral lead acetate and the glutathione remaining after the 
precipitation with lead acetate is oxidized by the addition of 0.2 N potas- 
sium iodate, glutathione is eliminated as a source of significant analytical 
error. > 
Since there is little or no glutathione in plasma (Dohan and Woodward 
(20)), potassium iodate is omitted in the analytical procedure for plasma 
filtrates. 

Ascorbic acid reacts with ninhydrin and, under the conditions for the 
determination of carboxyl nitrogen in plasma and tissue filtrates, evolves 
approximately 0.5 mole of CO, per mole of ascorbie acid. If ascorbic acid 
is heated at 100° for 90 minutes at pH 6.5 in 0.08 m phosphate and 0.5 per 
cent picric acid solution, and then submitted to the ninhydrin analysis, 
only 0.02 mole of CO, is evolved per mole of ascorbic acid. Its presence 
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will therefore increase the apparent glutamine by 0.48 mole per mole of 
ascorbic acid. Ascorbic acid is almost quantitatively precipitated (96 to 
98 per cent) from solution by neutral lead acetate at pH 6.5. The residua] 
ascorbic acid gives rise to negligible errors in the analysis of the filtrates. 
The single treatment with lead acetate thus serves to remove both glu- 
tathione and ascorbic acid practically quantitatively from picrie acid 
filtrates. 

Urea, unless removed from plasma filtrates, introduces a small positive 
error in the carboxyl nitrogen determinations. As previously shown (1, 2), 
a small fraction of the urea is hydrolyzed with the evolution of CO, when the 
filtrate is heated at 100° during the course of reaction of amino acids with 
ninhydrin. This non-specific CO, is measured along with CO, evolved from 
reaction of amino acids with ninhydrin. In tissue analyses the effect of 
urea is so slight that it falls within the limits of error of the glutamine 
method. In plasma, however, the concentration of glutamine is much 
smaller, and consequently the ratio of urea to glutamine is higher than in 
tissues. The elimination of urea from plasma by preliminary treatment 
with urease is accordingly advisable. 

Determination of Glutamine Added to Plasma and Tissues—In Table II 
is shown the determination by methods described in this paper of glutamine 
carboxyl nitrogen added to human and dog plasma and to dog tissues. 
In all cases the recovery of added glutamine is within +1 percent. Table 
II also serves to indicate glutamine carboxy] nitrogen values encountered 
in human and dog plasmas (Column 6). The glutamine carboxy! nitrogen 
values of the various tissues (Column 6) are also representative of these 
tissues. A more detailed comparison of glutamine values in plasma and 
tissues is reserved for another paper (21). 

DISCUSSION 

Examination of the data in Table I of the paper by Vickery ef al.(10) 
reveals that for solutions of pH 5.0, 5.3, 5.5, and 5.7 the per cent of gluta- 
mine remaining in solution after 2 and 3 hours at 100° plotted logarithmi- 
cally against time of heating the solutions yields pgints that lie on straight 
lines, indicating that the conversion of glutamine to pyrrolidonecarboxylic 
acid follows the pattern of a monomolecular reaction. Extrapolation to 
the time necessary to heat glutamine at 100° to get 98 to 99 per cent con- 
version shows that at pH 5.0, 5.3, 5.5, and 5.7 it would take 6 hours or 
longer. At these pH values a succinic acid-borax buffer was employed. 
At pH 6.0 and higher, when a dihydrogen phosphate-borax buffer was used, 
the time necessary to heat at 100° to get 98 to 99 per cent ring closure was 
2 hours at most, thereby demonstrating that at pH 6.0 ring closure was 3 
times as fast as at pH 5.7. It seems probable that the change from a 
non-phosphate to a phosphate buffer, rather than the 0.3 change in pH, was 
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responsible for the greater part of this 3-fold increase in the rate of ring 


closure. 
TABLE II 


Determination of Glutamine Carboryl Nitrogen Added to Human and Dog Plasma 
and Dog Tissues 





Siibieks or tissue + 











>lasma or tiss Increase] 
glutamine Plasma or tissue lin glu- | Gluta- | Per 
. —| tamine | - | cent 
Total car- Glutamine Total car- G lutamine ery Ibe xyl N a 
a AN added | ©°ve 
Glutamine added to eens boxy! N boxy! N boxyl N* found a 
7 fesse . | . 
Ao—Aw X | Ae—Ava X 
1.095 1.095 | noah 
Ao Aw | ((1)—(@2 Ao | Aw | ((4)—(S)) |(3)—G 7 
X 1.095 X 1.095 
{ 1 2 (3) (4) 5 6 (7 8) mn 


mg. per|mg. per| mg. per | meg. per| mg. per| mg. per | mg. per img. per 
100 cc. | 100 cc. 100 cc. 100 cc. | 100 ce. 100 cc. 100 cc. | 100 ce. 


Plasma 1, human, 


fasting 14.48) 2.47) 13.15 3.09} 2.52) 0.62 | 12.53) 12.52) 100.1 
Plasma 2, human, 

lyophilized 17.01; 5.08) 13.06 | 5.44) 4.80) 0.70 | 12.36) 12.41) 99.6 
Plasma 3, human, 

non-fasting 17.65; 4.28) 14.64 5.19) 4.11 1.18 | 13.46) 13.59) 99.1 
Plasma 4, human, 

non-fasting 18.38) 4.86) 14.65 5.64) 4.61) 1.13 | 13.51) 13.56) 99.6 
Plasma 5, human, 

lyophilized 15.40) 5.06) 11.32 5.52) 4.80) 0.79 10.53) 10.55; 99.8 


Plasma, dog, | 
fasting 19.28) 6.20) 14.32 7.14) 5.95) 1.29 | 13.03) 13.16} 99.0 
: is 18.02} 4.26) 15.07 | 5.26, 4.05) 1:32 | 13.75) 13.78) 99.8 
mg. per| mg. per| mg. per | mg. per| me. per| mg. per | meg. per meg. per | 
100 gm. | 100 gm.| 100 gm. | 100 gm.| 100 gm.| 100 gm. | 100 gm. | 100 gm. | 


Heart muscle, 


dog, normal 57.4 | 19.4 | 41.6 34.5 | 18.6 | 17.3 | 24.3 | 24.5 | 99.2 
Kidney, dog, nor- 

mal 54.3 | 17.7 | 40.1 15.1 | 14.3 0.9 39.2 | 39.6 | 99.0 
Liver, dog, anoxic.| 35.7 | 14.1 | 23.6 13.2 | 12.2 1.1 22.5 | 22.4 | 100.5 
Brain, dog, nor- 

malt 57.9 | 23.3 | 34.6 25.0 | 21.0 4.0 33.5 | 33.5 | 100.0 


* Factor of 1.095 to correct for losses of glutamine carboxyl nitrogen; for explana- 
tion see the text. 

t Brain proteins precipitated by 1 gm. of tissue plus 15 cc. of 1 per cent picric acid; 
1 gm. of tissue plus 10 cc. of 1 per cent picric acid for all other tissues. 


It is also of some interest to note that, though the isoelectric point of 
glutamine was found by Melville and Richardson (22) to be 5.65, the point 
of maximal stability of glutamine in phosphate solutions was found to be 
very close to pH 5.0, while in acetate solutions the stability was maximal at 
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pH 5.0 and undiminished at pH 7.0. This shows that other factors than 
proximity to the isoelectric point of glutamine are concerned with its 
stability. 

Observations have also been made in the literature on the stability of 
glutamine in the preparation of bacteriological media for the growth of 
organisms that require glutamine as an essential nutrient factor. Mcellwain 
(23) observed that one medium containing agar was able to withstand 
autoclaving at 120° for 20 minutes, while in peptone infusion not containing 
agar some destruction of glutamine occurred. In view of the rapid de- 
struction of glutamine at neutral pH in the presence of low concentrations of 
phosphate as well as the markedly increased rate of destruction of glutamine 
with increasing concentrations of phosphate, reported in this paper, a 
possible explanation of these observations lies in the presence and con- 
centration of phosphate rather than in the presence or absence of agar: 
difference in pH of the media (not given in MclIlwain’s paper (23)) could 
also account for the difference noted. The possible protecting action of 
agar has not been explored in this study, but plasma proteins have not been 
found to exert any protecting influence on the breakdown of glutamine. 

The present method for the determination of glutamine distinguishes 
clearly between glutamine and its next lower homologue, asparagine; higher 
homologues are not available for investigation. Except for glutathione, 
which might be considered a 6-N-substituted derivative of glutamine, no 
5-N-substituted derivatives of glutamine have been available for study. 
In consequence no prediction can be made as to whether the method will 
distinguish between glutamine and, for example, 6-N-formy] glutamine 
which, as judged by the behavior of glutamine and glutathione, would 
probably exhibit the property of ring closure with consequent loss of 
carboxyl nitrogen. 


It is a privilege to acknowledge the author’s indebtedness to Dr. D. D. 
Van Slyke for constant help and encouragement through the entire course 
of this work. Constant collaboration with Dr. R. M. Archibald has been 
not only profitable but a great pleasure, and the author’s indebtedness to 
him also is freely acknowledged. 


SUMMARY 


1. Glutamine is estimated from the decrease in carboxy] nitrogen caused 
by heating at 100° for 90 minutes at pH 6.5. The glutamine is changed to 
ammonia and pyrrolidonecarboxylic acid, with disappearance of the car- 
boxyl nitrogen. The carboxyl nitrogen is determined by the ninhydrin- 
CO, method of Van Slyke, Dillon, MacFadyen, and Hamilton (1). 


if 
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2. Ammonia, glucose, pyruvic acid, acetoacetic acid, pyrrolidonecar- 
boxylic acid, asparagine, glutamic acid, or other free a-amino acids do not 
interfere in the determination of glutamine. Glutathione, ascorbic acid, 
and urea do interfere in the analysis for glutamine, but the two former are 
removed by a single precipitation with neutral lead acetate at pH 6.5, while 
the latter is decomposed by the action of urease. 

3. Glutamine carboxy] nitrogen in plasma and tissues can be determined 
to within 0.05 mg. of carboxyl nitrogen per 100 cc. of plasma or per 100 gm. 
of tissue (wet weight). The total carboxyl nitrogen of the picric acid 
filtrate after treatment with lead acetate is determined at the same time. 

4. The effects of pH, temperature, type and molar concentration of buffer 
solution on the reaction of glutamine with ninhydrin have been investigated. 
Also the time necessary to heat glutamine in solutions of phosphate, citrate, 
lactate, and acetate at pH 6.5 at 100° to obtain maximal formation of pyr- 
rolidonecarboxylic acid has been determined. Ring closure at pH 6.5 is 
faster in phosphate solutions than in citrate, acetate, or lactate solutions 


of the same molar concentration. 
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The present paper, one of a series from this laboratory on the chemistry 

|-4) and physiology (5) of glutamine, reports evidence that glutamine or a 
glutamine-like substance is a major constituent, present in human and dog 
plasma and in all dog tissues studied so far. This substance occurs in the 
free form. In blood plasma glutamine constitutes 15 to 25 per cent of the 
free circulating a-amino acids and preliminary results have already been 
briefly reported (1) and confirmed (3-6). 

In dog heart muscle, glutamine constitutes approximately 60 per cent 
and in kidney tissue about 4 per cent of the free a-amino acids. Glutamine 
values for other tissues examined are intermediate between these extremes. 
These results have confirmation by the independent work of Ferdman, 
Frenkel, and Silakova (7) published in Russia. 

Methods for the quantitative determination of glutamine carboxyl 
nitrogen! in plasma and tissues by the ninhydrin-CO, method of Van Slyke 
and his associates (8-10) are published in the accompanying paper (4). In 
the present paper the ninhydrin-CO, method is used in conjunction with 
amino nitrogen determinations by the nitrous acid method of Van Slyke 
(11) and with determinations of ammonia liberated by acid hydrolysis, the 
ammonia being determined by the micro vacuum distillation technique of 
Archibald (12). The results provide evidence that the unstable ‘“glu- 
tamine-like’’ (1) component of plasma and tissue filtrates is in fact gluta- 
mine. 

Glutamine has been the subject of study for many years by plant bio- 
chemists, in recent years notably by Vickery, Pucher, Clark, Chibnall, and 
Westall (13), and the literature concerned with its metabolic réle in plant 
biochemistry has been reviewed by Chibnall (14). It has also been found 
to be of importance in bacterial nutrition (15, 16). But the study of 
glutamine by biochemists has not been extensive, and the significant facts 
now known concerning its physiological réle in animal biochemistry can 


‘The term ‘‘carboxyl nitrogen” is used to indicate values calculated as 1 gm. 
atom of nitrogen per mole of CO, evolved by reaction of a-amino acids with ninhydrin 
8-10). The term amino nitrogen is reserved for nitrogen determinable by the ni- 
trous acid procedure of Van Slyke (11 
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be briefly summarized. Its physiological importance in plant, animal. 
and bacterial metabolism is thoroughly reviewed by Archibald (unpublished 
work). 

Thierfelder and Sherwin (17) showed that phenylacetic acid, when fed to 
humans, was excreted in the urine and conjugated mainly with glutamine, 
Their findings indicated the presence and synthesis of glutamine in the 
body where it could function as a detoxifying agent. Power (18) showed 
that phenylacetic acid was also conjugated similarly in the chimpanzee. 
The interesting fact that this conjugation is apparently confined to man and 
the higher apes was pointed out by Young (19). 

Krebs (20) demonstrated that glutamine can be synthesized in vitro 
from ammonia and glutamic acid by liver slices. Orstrém, Orstrém, 
Krebs, and Eggleton (21) demonstrated that glutamine could also be 
synthesized by liver slices from pyruvate and ammonia in the presence of a 
source of energy such as glucose. The product of enzymatic synthesis was 
proved by isolation and identification of the crystalline compound. Krebs 
(20) also obtained from liver, brain, retina, and kidney active preparations 
of an enzyme or enzymes which he called glutaminase and which split 
glutamine into ammonia and glutamic acid. Leuthardt and Glasson (22), 
from in vitro studies of tissue slices, suggested that glutamine can function 
as an ammonia donator and acceptor, and Bach (23), also on the basis of 
in vitro studies, postulated an amide-nitrogen cycle as a mechanism of 
ammonia transport in the body. No evidence that these mechanisms 
operate in the intact animal was given by these authors. 

MclIlwain, Fildes, Gladstone, and Knight (15) isolated glutamine as 
the crystalline compound from horse skeletal muscle during the course of 
work on essential nutrient factors in cultural media for hemolytic strepto- 
cocci. 

Ferdman, Frenkel, and Silakova (7) reported the isolation of glutamine 
from horse brain. They also determined the amount of ammonia liberated 
by 5 minutes hydrolysis with 2 N sulfuric acid at 100° in trichloroacetic acid 
filtrates of heart muscle, skeletal muscle, liver, and kidneys of horse, dog, 
cat, rabbit, marmot, pigeon, crayfish, dog blood, human urine, and cere- 
brospinal fluid ; this labile ammonia was attributed to the amide nitrogen of 
glutamine. The amount of this labile nitrogen was higher in heart muscle 
than in any other organs analyzed in all animals investigated, except the 
pigeon, in which it was highest in brain. 

The presence of free glutamine or glutamine-like substance in blood 
plasma of dog and human, reported in a preliminary communication (1), 
has been confirmed by Harris (6). Further proof of the presence of glu- 
tamine in plasma has recently been provided by Archibald (2, 3) by the 
determination of ammonia liberated from plasma on treatment with dog 
kidney glutaminase. 
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Van Slyke and his associates (5) have recently demonstrated by experi- 
ments on dogs that the amide nitrogen of glutamine is the main source of 
urinary ammonia in acidosis. 

That the large amount of ammonia which Ferdman, Frenkel, and Si- 
lakova (7) found liberated in urine by acid hydrolysis was derived from 
glutamine appears questionable because urea liberates significant amounts 
of ammonia by acid hydrolysis, and the amounts of urea in urine are so 
great that ammonia from this source might greatly exceed that from glu- 
tamine. This source of error has already been fully discussed (4, 6). 
There is no evidence that Ferdman, Frenkel, and Silakova eliminated this 
source of error from their analytical procedure as applied to glutamine 
determinations in urine or in blood. Enzymatic analysis has shown that 
insignificant amounts of glutamine are present in urine (2). 

The values for plasma glutamine obtained by the quantitative ninhy- 
drin-CO, method (4) are in good agreement with those reported initially 
by the writer (1) and later by Harris (6) and by Archibald (2, 3). The 
glutamine values for tissues confirm and extend those reported for dog 
tissues bv Ferdman, Frenkel, and Silakova (7). 


ANALYTICAL PROCEDURES 


Determination of Glutamine—Glutamine was determined in deproteinized 
pieric acid filtrates of plasma and tissues by the ninhydrin-CO, method 
described in the accompanying paper (4). In some plasma filtrates gluta- 
mine was also determined by measuring the ammonia nitrogen liberated on 
hydrolysis of filtrates with 2 N acid for 5 minutes at 100°; hydrochloric acid 
was substituted for the sulfuric acid originally used by Krebs (20). The 
yield of glutamine amide nitrogen as ammonia is quantitative under these 
conditions. The nitrogen evolved as ammonia was measured by Archi- 
bald’s micro technique for vacuum distillation and nesslerization (12). As 
recommended by Harris (6), ammonia liberated by hydrolysis of urea in a 
second 5 minute heating period was determined and subtracted from the 
ammonia nitrogen formed during the first 5 minute heating period. All 
values were determined in duplicate and were corrected for preformed 
ammonia in the filtrate. 

For comparative purposes glutamine was also determined in some 
samples of plasma by the enzymatic glutaminase method of Archibald (2). 

Determination of Amino Nitrogen—Amino nitrogen determinations were 
carried out in the Van Slyke-Neill manometric apparatus by the method of 
Van Slyke (11). Glutamine is anomalous in its reaction with nitrous acid 
as compared with asparagine and other amides in that it has previously been 
found to yield 80 per cent of its amide nitrogen in 4 minutes at 22.5° on 
treatment with nitrous acid; longer reaction time increases the yield by 1 or 
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2 per cent only (13), A sample of glutamine? (19.16 per cent N) on analysis 
by the Van Slyke nitrous acid procedure (11) gave 95 per cent of its total 
nitrogen as nitrogen gas in 5 minutes at 25°, equivalent to 84 per cent of the 
amide nitrogen, assuming the a-nitrogen to react completely. All de- 
terminations reported in this paper were carried out at 25° with a 5 minute 
reaction time with nitrous acid. All amino nitrogen values of the solutions 
analyzed were corrected for their content of ammonia when it was present 
in significant amounts. Since 38 per cent of ammonia nitrogen is liberated 
as nitrogen gas with a 5 minute reaction time at 25° in the Van Slyke-Neill 
apparatus, 0.38 of the ammonia nitrogen, determined in a separate analy- 
sis, in the solutions analyzed was subtracted from the amino nitrogen values. 
All solutions that were to be subjected to analysis for amino nitrogen were 
rendered free of urea by treatment with urease as a preliminary step in the 
preparation of the filtrates, thereby eliminating the necessity for a cor- 
rection due to its presence. 

Determination of Ammonia—Ammonia nitrogen was determined in 
plasma filtrates by the micro vacuum distillation and nesslerization tech- 
nique of Archibald (12). 

EXPERIMENTAL 

Glutamine or Glutamine-Like Substances in Plasma—The carboxy! 
nitrogen of a dialysate or a deproteinized picric acid human or dog plasma 
filtrate (to which is added phosphate buffer to give a solution of pH 6.5 and 
a final concentration of 0.08 m with respect to phosphate), heated for 90 
minutes at 100° before analysis, is about 20 per cent lower than that for an 
unheated aliquot of the same filtrate. No further diminution of the 
carboxyl nitrogen occurs if the filtrate is heated longer than 90 minutes. 
That is, a 90 minute preliminary heating at 100° before analysis reduces the 
carboxyl nitrogen to a constant minimum value. Similarly the amino 
nitrogen of the filtrate determinable by the Van Slyke nitrous acid pro- 
cedure (11) decreases to a constant minimum value; the ammonia nitrogen 
increases to a constant maximum value. All of these three forms of 
determinable nitrogen reach their constant values simultaneously. When 
acetic acid and sodium hydroxide are used instead of phosphate buffer to 
adjust the filtrate to pH 6.5, the carboxyl, amino, and ammonia nitrogen, 
determined on heated and unheated aliquot portions of the filtrate, are the 
same as those for filtrate samples containing phosphate, but the time 
necessary to heat at 100° to obtain constant minimum values is at least 
4 hours. 

The carboxyl, amino, and ammonia nitrogen of a filtrate without phos- 
phate is illustrated in Fig. 1. Comparison of the curves for -arboxyl 


2 The author is indeed grateful to Dr. G. W. Pucher and Dr. H. B. Vickery for 4 
generous sample of pure glutamine. 
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nitrogen designated COOH-N (no phosphate) and COOH-N (phosphate 
0.08 m) exemplify the effect of phosphate in reducing the time of heating at 
100° necessary to obtain constant values (4).* 
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Fic. 1. Changes of carboxyl, amino, and ammonia nitrogen in picric acid filtrates 
of dog plasma on heating at 100° and on hydrolysis in 2 N hydrochloric acid. 


In the experiment, results of which are embodied in Fig. 1, a single 
deproteinized picric acid filtrate of dog plasma, freed of urea and ammonia 
and adjusted to pH 6.5, was investigated. Phosphate buffer was omitted 


*The significance attached to the effect of phosphate in decreasing the time 
necessary to heat at 100° at pH 6.5 to give maximum formation of pyrrolidonecar- 
boxylic acid from glutamine is discussed in the accompanying paper (4). The fact 
that the rate of change of the carboxyl nitrogen of plasma filtrates is affected by the 
presence of phosphate (as compared with acetate of the same molar concentration and 
pH 6.5) in exactly the same way as solutions of pure glutamine are affected, is taken 
as additional evidence that the unstable amino acid in the filtrate behaves similarly 
to glutamine in this respect also. 
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in order to take advantage of the slower change of the various nitrogen 
values on heating at 100° so that their parallel changes might be compared 
more exactly. 

From Fig. 1 (the curve designated COOH-N (no phosphate )) the carboxyl 
nitrogen per 100 cc. of plasma for the unheated and heated aliquot samples 
of the filtrate is 3.48 and 2.48 mg. respectively. The difference between 
these values for this plasma represents the maximum loss of 1.00 mg. of 
carboxyl nitrogen per 100 cc. as a result of the preliminary heating at 100°. 
Similarly the amino nitrogen for the unheated and heated aliquot portions 
of the filtrate is 4.73 and 2.83 mg. respectively, a maximum difference of 
1.90 mg. per 100 ce. of plasma. The ammonia nitrogen of the filtrate 
is zero and 1.04 mg. for the unheated and heated samples respectively, a 
net increase of 1.04 mg. per 100 cc. of plasma. The ratio of the increase in 
ammonia nitrogen to decrease in carboxy! nitrogen is 1.04/1.00 = 1.04, the 
ratio of the decrease of amino nitrogen to the decrease in carboxy] nitrogen 
is 1.90/1.00 = 1.90, and the ratio of the decrease of amino nitrogen to the 
increase in ammonia nitrogen is 1.90/1.04 = 1.83. These ratios ex- 
perimentally determined for a sample of glutamine of known purity were 
1.02, 1.91, and 1.95 respectively. 

A portion of the filtrate was heated at 100° for 4 hours at pH 6.5. This 
heated portion was subjected to hydrolysis at 100° in 2 n hydrochloric aeid 
final concentration) and the carboxyl nitrogen then determined. The 
carboxyl nitrogen of the hydrolysate was higher than that for an unhy- 
drolyzed aliquot of the same heated filtrate. After an 80 minute period of 
hydrolysis the carboxyl nitrogen of the hydrolysate was the same, within 
the limits of experimental error, as that obtained initially. Prolongation 
of the hydrolysis caused no further significant increase. As illustrated 
(Fig. 1), the carboxyl nitrogen is 2.49 and 3.52 mg. for the heated un- 
hydrolyzed filtrate, and the heated hydrolyzed filtrate, respectively, giving 
a net increase of 1.04 mg. per 100 cc. of plasma. Similarly the amino 
nitrogen is 2.83 and 3.75 mg., an increase of 0.92 mg. per 100 cc. of plasma. 
The ratio of the decrease in carboxy] nitrogen on heating, to the increase in 
carboxyl nitrogen on hydrolysis of the heated filtrate is 1.00/1.04 = 0.96, 
and the ratio of the decrease in amino nitrogen on heating to the increase in 
amino nitrogen on hydrolysis of the heated filtrate is 1.88/0.92 = 2.04. 
For glutamine these ratios experimentally determined were 0.96 and 2.00 
respectively. 

The changes in carboxyl, amino, and ammonia nitrogen of glutamine are 
a consequence of, first, the conversion of glutamine to pyrrolidonecar- 
boxylie acid and ammonia on heating in solution at pH 6.5, and second, the 
hydrolysis of the pyrrolidonecarboxylic acid so formed on heating in 2N 
hydrochloric acid to give glutamic acid. These reactions are quantitatively 
described by the following equations. 
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100° 
. fH.)-CH.-CH,- CH(NH,)-COOH —— 
CO(NHz,) oH 65 
Glutamine 


CO-CH,-CH.-CH(NH)-COOH + NH; 





pyrrolidonecarboxylic acid 
and 


0-CH.-CH,-CH(NH)-COOH + H,0 © 
‘ . ae ee I ° e —" 
. Snes *\ 2 HCl 





Pyrrolidonecarboxylic acid 
COOH- CH,- CH,-CH(NH,): COOH 


glutamic acid 


Quantitatively, within the limits of experimental error, the changes of 
carboxyl, amino, and ammonia nitrogen of plasma filtrates are identical 
with the changes observed in glutamine solutions. The effect of phosphate 
in accelerating the conversion of glutamine to pyrrolidonecarboxylic acid 
and ammonia has been demonstrated (4). The effect of phosphate on the 
unstable component in plasma filtrate is similar in all respects to the effect 
of phosphate upon glutamine. It is therefore reasonable to conclude from 
these data that the unstable component in human and dog plasma is, in 


fact, glutamine. 


For the experiment reported in Fig. 1 fresh dog plasma was treated with urease of 
low amino acid content (24) to decompose urea, and a 1:6 deproteinized picric acid 
filtrate was prepared according to Hamilton and Van Slyke (25). The pH was ad 
justed to 9.8 to 10.0 and the ammonia removed by vacuum distillation at 20°. The 
solution was then adjusted to pH 6.5 by the addition of glacial acetic acid and made 
to its original volume with water. The filtrate, free of urea and ammonia, was di- 
vided into 50 cc. lots and placed in Erlenmeyer flasks, stoppered, and stored at —72° 
ina dry ice box till analyzed. 

Aliquot portions of the filtrate were heated for 0, 30, 60, 90, 120, 150, 180, and 240 
minutes at 100° in closed, partially evacuated all-glass reaction vessels (25). Car- 
boxyl nitrogen, amino nitrogen, and ammonia nitrogen were determined on aliquot 
portions of these heated samples of filtrate. 

For amino and carboxyl nitrogen values on heated, hydrolyzed filtrate the follow- 
ing procedure was adopted. A portion of filtrate was heated in a stoppered all-glass 
reaction vessel, partially evacuated, for 240 minutes until minimum amino and 
carboxy! nitrogen values were obtained. To aliquots of this heated filtrate concen- 
trated hydrochloric acid was added to give a final concentration of 2.N ; the aliquots 
were then heated in the 100° bath for 45, 90, and 120 minutes. After hydrolysis by 
this procedure the excess hydrochloric acid was removed by vacuum distillation to 
dryness. The dry residue was dissolved in water and made to its original volume. 

Carboxy! nitrogen was determined on 5 cc. aliquot portions of the hydrolysate, 
reaction of amino acids with ninhydrin being carried out at pH 4.7 (4). The analyti- 
eal values were corrected for conjugated a-amino nitrogen of amino acids liberated 
from peptides and other conjugated forms by hydrolysis. The correction was made 
by subtracting 0.48 mg. of nitrogen per 100 cc. of plasma, found to be in the con- 


jugated form (see below). 
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For amino nitrogen determinations, an aliquot of the hydrolysate was adjusted 
to pH 10.0 and ammonia was removed by vacuum distillation. The ammonia-free 
hydrolysate was then made up to its original volume with ammonia-free water. 
Analysis was carried out on 5cc. samples. As in the case of carboxy! nitrogen, 0.48 
mg. of nitrogen per 100 cc. of plasma was subtracted from the determined amino 
nitrogen values to correct for conjugated a-amino nitrogen. 

To determine the ‘‘conjugated’’ a-amino nitrogen, a sample of unheated, un. 
hydrolyzed filtrate was treated with ninhydrin at pH 4.7 for 10 minutes at 100° to 
decompose all free a-amino acids. The excess ninhydrin was extracted from the 
solution with ethyl ether in a continuous extractor. The conjugated carboxy] 
nitrogen was not extracted by ether, nor was it detectable in the residual aqueous 
phase until after hydrolysis in 2 N hydrochloric acid (100° for 120 minutes). After 
hydrolysis the yield of carboxy! nitrogen on reaction with ninhydrin was found to be 
equivalent to 0.48 mg. of nitrogen per 100 cc. of plasma, the average of four separate 
determinations. 


Glutamine in Dog and Human Plasma—Glutamine carboxyl nitrogen 
concentrations determined by the ninhydrin-CO, method (4) in dog and 
human plasmas, and, in a single sample of pig plasma, are given in Table 
I. Of the eighteen analyses of different dog and human plasmas, the 
glutamine carboxyl nitrogen in all but three examples constitutes 17 to 25 
per cent of the total carboxyl nitrogen (Column 3). The amount of 
glutamine in the plasma varies from 4 to 20 mg. per 100 ec., and is higher 
in non-fasting than fasting human plasma. 

For three samples of plasma the nitrogen liberated as ammonia from 
aliquot portions treated with dog kidney glutaminase was determined (8). 
The values obtained agree well with those obtained for glutamine carboxyl 
nitrogen by the ninhydrin-CO, method (4). 

The ammonia nitrogen liberated by hydrolysis in 2 nN hydrochloric acid 
for 5 minutes at 100° in a number of other samples was also determined. 
In general the ammonia nitrogen liberated under these conditions was 
found to be a little greater than the amount expected from the glutamine 
carboxyl nitrogen value of the same plasma; whether this may be due to 
other as yet unidentified labile sources of ammonia is being investigated. 

Glutamine and Amino Acid Carboryl Nitrogen Values of Dog Tissues—In 
Table II the glutamine carboxy] nitrogen of different tissues of the dog is 
compared with the total free carboxyl nitrogen of the same tissue; the 
amount of glutamine per 100 gm. of tissue (wet weight) is given i 
Column 4. 

Heart muscle contains the largest amount of glutamine of any organ 
analyzed in the dog, with an average value of 225 mg. per 100 gm. of 
tissue, corresponding to approximately 56 per cent of the total free amino 
acids. The amount in diaphragm muscle is somewhat less, and in skeletal 
muscle still less. In general, however, glutamine was found to constitute 
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TABLE I 


Glutamine and Total Free a-Amino Acid Carbozyl Nitrogen Values* for Dog, Human, 
and Pig Plasma 





il are 
Amino acid carboxy] nitrogen | matty 
ee a = : | 
x Ss Gluta- 
Subject Gluts e| xX mine | — Remarks 
. ; enzy- “ 
Total ~ 9 r 3a | | matict | Acid 
S\o> | 
— aes! | | 
Oo 
1 2) » |w!l ol @ | 
mg. per | mg. per mg. per | mg. per | mg. per 
100 ce. 100 ce. per cont | 100 ce. | 100 00. | 100 ce. 
Dog 1 4.48 1.13 25.2 11.8 Fasting, before trauma 
8.04 1.92 23.9 20.0 | . after re 
2 4.49 |. 25.0 11.7 | - normal 
“9 3.74 1.17 31.3 | 12.2 | ™ - 
‘4 4.46 | 1.00 22.4 | 10.4 1.04}] “ o 
.§ 4.19 1.46 34.8 15.2 1.48 “5 . 
6 4.19 | 0.61 | 14.6 | 6.4| 0.58 | or... “ 
oe 4.54 1.02 22.5 10.6 ” = 
‘§s 7.14 1.30 18.2 13.6 *s s 
“ 9 5.26 1.32 25.1 13.8 | - ~ 
Human 1 2.46 | 0.43 17.5 4.5 | 0.38 | ‘i nephritic 
Pics a 2.82 | 0.69 24.5 7.2 normal 
3 3.09 0.62 20.1 6.5 = 
Fin @ 3.74 0.74 19.8 Paci 0.84 
- 5 3.58 0.72 20.1 7.5 0.93 
w-, @ 5.19 1.18 22.7 12.3 | Nonfasting, normal 
rr. 7 5.64 1.13 20.0 11.8 as ” 
* 8 4.28 0.88 20.6 9.2 0.97 zs = 
“ 9 4.37 | 0.98 | 22.4 | 10.2 1.01 | 
>} 5.14 0.60 | 11.7 6.3 | 0.59 | 0.69 | Reconstituted from 
mil 2 5.26 | 0.48 9.1 5.0 desiccated plasma§ 
* § 5.31 0.73 12.8 7.6 0.55 
Pig 1 5.31 | 0.63 11.9 6.6 Slaughterhouse blood 





* All analytical figures are the average of duplicate analyses. 

t Enzymatic analysis kindly done by Dr. R. M. Archibald. 

t Ammonia nitrogen liberated in 240 minutes at 100° and at pH 6.5. 

§ Supplied through the courtesy of Dr. R. J. Westfall, Sharp and Dohme, Inc., 
Glenolden, Pennsylvania. 


at least 50 per cent of the free amino acids in muscle tissue, a concentration 
at least twice that found in all other tissues analyzed. 
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TABLE II 


Glutamine and Free a-Amino Acid Carboryl Nitrogen Values* 


Amino acid carboxy! nitrogen 
—— Glutamine 
zs ssue +r ; 
6 — Total Glutamine Total 
1 2) ¥ 100 


x 100 


1) 2 3 
mg. per 100 gm. | mg. per 100 gm. per cent 
Heart 1. Right ventricle 37.4 21.9 58.6 
“ 1. Ben ™ 34.3 20.1 58.6 
2 43.6 27.0 61.9 
3 37.5 19.3 51.4 
4 39.1 23.3 59.6 
5 33.2 18.0 54.2 
Average 37.5 21.6 55.7 
Diaphragm | 32.2 17.2 53.4 
. 2 32.7 17.2 52.7 
3 31.6 18.4 58.2 
\verage 32.2 17.6 54.6 


on 

— 
_ 
bo 
w 
oC 
_ 


Skeletal Muscle | 





2! ¢ 
2 25.4 12.9 50.2 
3 25.1 12.2 48.6 
=< 23.6 12.4 52.6 
Average 24.8 11.7 47.0 
Brain | 39.5 8.4 21.3 
Pom 24.4 6.5 26.6 
3 22.4 5.2 23.2 
4 15.3 5.6 36.6 
5 13.9 5.0 36.0 
Average 23.1 6.1 28.7 
Liver 1 30.0 $.5 15.0 
2 16.1 +. 1 25.4 
Average 23.0 4.3 20.2 
Kidney 1 38.3 1.1 2.9 
es 2 19.2 0.6 3.1 
3 23.5 ee 7.2 
“e 4 15.2 0.9 5.9 
Average 24.0 1.1 4.8 


* All analytical values are the average of duplicate determinations. 


of Normal Dog Tissues 


Glutamine 


4 
meg. per 100 gm. 
229 
209 
282 
201 
243 

188 


58 
52 
64 
47 
43 


—————“_ 


11.5 
6.2 
18.0 
9.4 


11.3 
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TaBLeE II—Continued 


Amino acid carboxy] nitrogen 








Organ tissue Tots . “<n Glutamine Glatemine 
otal Glutamine Total 
(1)/(2) X 100 
1 2) | (3) (4) 
% mg. per 100 gm. | mg. per 100 gm. per cent | mg. per 100 gm. 
Stomach, fundus 19.5 3.5 17.9 | 36 
_ pylorus 20.5 2.6 12.7 27 
Small intestine 44.4 5.3 12.0 54 
Large bowel 24.4 1.8 19.7 50 
Spleen 31.3 5.9 18.8 61 
Lung 14.6 1.9 13.0 20 
Uterus 16.0 2.3 14.4 24 


The small amount of glutamine found in kidney is noteworthy and is 
to be expected because of the presence of the enzyme glutaminase and the 
function which has been demonstrated for this enzyme system in the intact 
animal (5). 

In confirmation of Van Slyke and Meyer (26), who used the nitrous acid 
method of Van Slyke (11) for the determination of free amino nitrogen in 
tissue filtrates, the free carboxyl nitrogen of tissue filtrates was found to be 
5 to 10 times that of blood plasma. 


DISCUSSION 


In spite of the relative abundance of glutamine in plasma and tissues, 
there is little known concerning its physiological function. The early work 
of Thierfelder and Sherwin (17) in showing that phenylacetic acid is con- 
jugated with glutamine and excreted in this conjugated form in the urine 
serves as a demonstration that glutamine is to be found in the body, rather 
than as evidence regarding its function in the normal animal. The de- 
monstration by Van Slyke and his associates (5) that the amide nitrogen of 
glutamine is the main source of urinary ammonia is, however, direct evi- 
dence of a physiological function. Harris (6) has shown that the glutamine 
level of plasma in diabetic patients was significantly lowered by the ad- 
ministration of insulin. Harris did not determine that the administration 
of insulin altered the ratio of glutamine to total amino acids. In experi- 
ments of the writer on dogs (unpublished data) glutamine plasma levels 
have been observed to alter considerably but the ratio of glutamine car- 
boxyl nitrogen to total carboxyl nitrogen remained unchanged, suggesting 
a shift of all amino acids from blood to tissues rather than a significant 
variation of glutamine concentration alone. 


It is a privilege to acknowledge the author’s indebtedness to Dr. D. D. 
Van Slyke for constant help throughout the course of this work. Thanks 
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are also due to Dr. R. M. Archibald for the glutaminase determination by 
his glutaminase method reported herein, and to Dr. R. A. Phillips for 
valuable help in procuring numerous blood samples and tissues. 


SUMMARY 


1. Experimental evidence is presented, based on the quantitative study 
of the relationships of carboxyl, amino, and ammonia nitrogen concentra- 
tions in plasma filtrates, before and after heating at 100° in solutions of 
pH 6.5, to show that there is an unstable amino acid in plasma filtrates, and 
that the unstable amino acid is identical with glutamine in all the reactions 
studied. 

2. The normal concentration of glutamine in dog and human plasma 
varies from 6 to 12 mg. per 100 cc. and constitutes 18 to 25 per cent of the 
total free amino acid carboxyl nitrogen of the filtrates. 

3. The concentration of glutamine has been determined in brain, liver, 
kidney, gastrointestinal tract, spleen, lung, uterus, and muscles of the dog. 

4. The concentrations of glutamine were found to be greater in cardiac, 
diaphragmatic, and skeletal muscles of the dog than in the other tissues 
examined. Cardiac muscle contained the most, 225 mg. per 100 gm. 
Glutamine was found to provide 50 to 60 per cent of the total free amino 
acid carboxyl nitrogen of heart muscle. 
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FATTY ACID METABOLISM 


III. REACTIONS OF CARBOXYL-LABELED ACETIC ACID IN 
LIVER AND KIDNEY* 
By SIDNEY WEINHOUSE, GRACE MEDES, ann NORMAN F. FLOYD 
From the Lankenau Hospital Research Institute, Philadelphia) 


teceived for publication, December 30, 1944) 


Recent studies with isotopic octanoic (1) and butyric acids (2) revealed 
that their transformation to ketone bodies in liver occurs by condensation 
of a 2-carbon intermediary (presumably acetic acid or a derivative thereof) 
formed by successive 8 oxidation of the fatty acid. The importance of 
acetate in the intermediary metabolism of fats and proteins is further 
emphasized by the demonstration, by Bloch and Rittenberg (3, 4), that 
isotopic acetyl groups are formed in the breakdown of a variety of fatty 
acids and amino acids labeled with deuterium. Though acetate has been 
found to take part in such anabolic reactions as the formation of acetoace- 
tate (5), cholesterol (6), and fatty acids (7) in animals, and succinic acid 
(8), butyl alcohol (9), and citric acid (10) in lower organisms, little is 
known concerning its oxidative catabolism. 

Inasmuch as the immediate oxidation products of acetate, e.g. glycolic 
and glyoxylic acids, are metabolized slowly if at all in tissues in which 
acetate is rapidly broken down (11), these substances are unlikely to be 
intermediates of acetate oxidation in animal tissues. It is more probable, 
therefore, that condensation reactions precede its ultimate degradation 
to COs. 

In continuation of our investigation of the metabolic pathways of fatty 
acids, we are making a study of the oxidation of acetate in animal tissues, 
utilizing the stable carbon isotope, C™, incorporated in the carboxyl group. 
The object of the present study was to elucidate the mechanism of the 
condensation of acetate to ketone bodies in liver, and to obtain information 
concerning the possible intermediate stages of acetate oxidation in kidney, 
which proceeds without the apparent formation of ketone bodies. 


EXPERIMENTAL 

Preparation of Labeled Acetic Acid—Acetic acid, labeled in the carboxy! 
group, was prepared by the action of methyl sulfate on 0.98 gm. (0.02 
mole) of isotopic sodium cyanide according to the method of Walden (12) 
and subsequent hydrolysis of the acetonitrile by aqueous alkali. The 

* With the technical assistance of Mary Cammaroti, Lafayette Noda, and Ruth 
Wilson. 
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product was isolated as the sodium salt and its purity checked by deter- 
mination of the Duclaux constants. The sodium cyanide contained 4.40 
atoms per cent C" and the sodium acetate contained 2.16 per cent, equiva- 
lent to a C® content of 4.32 per cent in the carboxyl carbon atom.' The 
yield was 16.75 mm or 83 per cent based on the cyanide. 

Incubation with Liver Slices and Recovery of Products—Approximately 
1 mm of the labeled sodium acetate was added to 100 ml. of the buffer 
solution previously described (1) and a 30 ml. aliquot removed for acetate 
assay and determination of the Duclaux constants. 30 ml. aliquots were 
added to each of two 125 ml. Warburg type flasks, each containing 1.25 
gm. of liver slices in the main compartment, alkali-soaked filter paper in 
the central well, and 2 N sulfuric acid in the side cup. All transfers were 
carried out in a nitrogen atmosphere to avoid contamination with atmos- 
pheric CO,. The flasks were shaken in oxygen for 2 hours at 37.5°; the 
oxygen consumption was measured by a mercury-filled gas burette, attached 
to the two flasks by a T-connection. The acid was then introduced from 
the side cup and shaking continued 15 minutes to release the respiratory 
CO,. The alkali-soaked papers were removed and treated as previously 
described for estimation and collection of the respiratory CO:. The 
medium was separated from the tissue, combined, and divided in two 
portions. One portion was steam-distilled according to the procedure of 
Friedemann (13) and the distillate made alkaline and redistilled. The 
second distillate, thus freed of non-volatile substances and volatile acids, 
contains the acetone derived by decarboxylation of acetoacetate during 
distillation. It was isolated as the Denigés complex according to the 
procedure of Van Slyke (14). The residue of the second distillation, 
containing the sodium salts of the volatile acids, was acidified, distilled, 
and the Duclaux constants determined. It was finally redistilled and the 
acid exactly neutralized, phenolphthalein being used as an outside indicator. 
The neutral solution of the sodium salts was then evaporated to dryness. 

The second portion of the medium was treated by the Van Slyke (14) 
procedure previously described (1) for decarboxylation of acetoacetie acid 
and isolation of the acetone and CQz, after which the hydroxybutyrate was 
oxidized with dichromate and the acetone isolated. 

The tissue was likewise divided in two portions, one of which was steam- 
distilled for recovery of any volatile acid which might have been bound by 
the tissue. The amounts so adsorbed were insignificant, however. The 
second portion of tissue was extracted successively with alcohol and ether, 
thereby separating the tissue into lipid and lipid-free fractions. 

In the experiments with kidney slices the procedure was the same, 
except that the isolation of ketone body fractions was omitted, since trial 

1 The C* contents are expressed as atoms per cent C™ excess, calculated from the 
equation, atoms per vent C" = ((moles C¥ X 100) / (moles C"* + moles C™)) — 1.04. 
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experiments with normal acetic acid showed no trace of these substances. 
The non-volatile residue after distillation of the unutilized acetate was 
found to contain excess C“. To purify this fraction further it was extracted 
continuously for 48 hours with ether. By this process all of the excess C™ 
was extracted, but since the amount of extract was only sufficient for a 
C8 determination, further identification was impossible. 


TaBLe | 


Distribution of Excess C* in Products of Incubation of C-Labeled Acetic Acid with 
Liver and Kidney Slices from Fasted Rats 











Liver Kidney 
Experiment 1, | Experiment 2, | Experiment 1, | Experiment 2, 
2.50 gm. tissue | 2.50 gm. tissue | 2.00 gm. tissue 1.83 gm. tissue 
cs w Aube cs ee | cu ay Cu 
excess excess | excess excess 
on np J ed sor aaa = AA saa | SS euee 
Acetic acid, start 0.634 | 2.16 /0.638 | 2.16 | 0.628] 2.16 | 0.632] 2.16 
ee ‘« reeovered 0.420 | 1.96 |0.432 | 2.06 | 0.499) 1.91 | 0.490) 2.07 
utilized 0.214 0.206 | 0.129 0.142) 
0; consumed 0.404 0.559 | 0.388 | 0.537) 
CO, evolved in respiration. . (0.314 | 0.92 |0.374 | 0.95 | 0.299) 1.06 0.521) 0.99 
Acetoacetic acid 0.0750 0.0938 0 0 
8-Carbon, direct | 1.47 1.71 
a by distillation 1.62 1.71 | 
Carboxyl carbon... 1.89 2.25 
8-Hydroxybutyric acid. 0.0361 0.0277 0 | 0 
8-Carbon 0.72 1.4] | 
Non-volatile carbon 1.13 | 0.05 | 0.89 | 0.10 
| mg. | mg. 
” " ether 
extract saad 8 0.18 | 4 0.28 
Tissue lipids... 0.03 0.01 | 0.01 
non-lipids. 0.02 0.02 | 0.03 


For the C™ determinations the solid fractions were converted to CO, by 
the Van Slyke and Folch wet combustion procedure (15). The fractions 
in solution were oxidized by a micro modification of the persulfate method 
of Osburn and Werkman (16). 


Results 


Ketone Body Formation in Liver—In Experiment 1, the acetone, obtained 
as the Denigés complex formed in situ by the breakdown of acetoacetate 
in the presence of mercuric sulfate, contained 0.49 per cent C¥. This 
represents a C™ content in the carbonyl carbon of 3 K 049 = 1.47 per 
cent (Table I). As a check on the specificity of this procedure, and to 
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avoid the possibility of inclusion of other carbon-containing substances. 
the precipitation with mercuric sulfate was employed on another portion 
of acetone, freed, by distillation, from non-volatile substances and volatile 
acids. This sample had a slightly higher C" content, 0.54 per cent. 
representing 1.62 per cent in the carbonyl carbon. In Experiment 2 
the C™ contents of the two acetone fractions were equal, 0.57 per cent, 
representing an excess of 1.71 per cent in the carbonyl carbon. 

In both experiments the carboxyl carbon atoms had a somewhat higher 
C® content than the corresponding 8-carbon atoms. To verify this obser- 
vation we carried out a third experiment (not included in Table I) witha 
new sample of labeled acetate containing 8.32 per cent C™ in the carboxyl 
group. In this experiment part of the acetoacetate was broken down by 
the procedure described and another portion was decarboxylated with 
aniline citrate, according to the method of Edson (17). Since the latter 
method does not require heating and is highly specific for 8-keto acids, 
it is probably more reliable than heat decarboxylation. By this procedure 
we also found a somewhat greater C“ content in the carboxyl carbon than 
in the 8-carbon, the respective values being 2.58 and 2.22 per cent. The 
results of this third experiment are somewhat ambiguous, however, in 
that the CO, from heat decarboxylation had a C™ content of only 1.70 
per cent. 

The acetone derived by oxidation of 8-hydroxybutyrate also contained 
excess C™, a result to be anticipated considering the close metabolic relation- 
ship between acetoacetate and hydroxybutyrate. However, the caleu- 
lated C™ content of the 8-carbon atom of hydroxybutyrate was lower in 
each experiment than the corresponding value for acetoacetate. The 
quantitative significance of these differences is difficult to assess, in view 
of the possibilities of contamination by acetone or other substances arising 
by oxidation of substances other than hydroxybutyric acid.? 

The C" content of the carboxyl carbon of hydroxybutyrate could not be 
determined, since in the oxidation of hydroxybutyrate to acetoacetate the 
carboxyl CO, was diluted by relatively large quantities of CO, derived 
from other easily oxidizable substances present in the medium. 

Complete Oxidation of Acetic Acid in Liver—In Experiment 1 the 0.314 
ma of CO, evolved by respiration contained 0.92 per cent C™. Since the 
isotopic acetic acid had a C® content of 2.16 per cent, 0.92 x 100/2.16 or 
42.5 per cent of the respiratory CO, was derived by oxidation of isotopic 
acetate. This is equivalent to 0.314 X 0.425/2 = 0.067 mm of acetate 
or 0.067 X 100/0.214 = 31 per cent of the amount utilized. In Experi- 

* In a third experiment the C™ contents of the acetone derived from acetoacetate 


and hydroxybutyrate were about equal, the respective values being 0.74 and 0.77 
per cent. 
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ment 2, similarly calculated, 44 per cent of the respiratory CO, came from 
the substrate, representing the complete oxidation of 0.082 mm or 40 per 
cent of the utilized acetate. 

Comparison of the Duclaux constants of the acid before and after incu- 
bation reveals no significant formation of other volatile acids in the incuba- 
tion procedure (Table II). However, a slight decrease in the C* content of 
the unutilized acetate was observed, which seems to indicate a slight 
dilution by normal acetate formed during incubation. The quantity of 
preformed acetate in liver is negligible. 

Acetate Oxidation in Kidney—In Experiment 1, 0.129 mm of acetate was 
utilized and 0.299 mma of CO: was obtained, with a C® content of 1.06 per 
cent. Hence, 1.06 X 100/2.16 or 49.1 per cent of the total CO. came 
from the substrate, representing the complete oxidation of 0.299 x 0.491/2 
= 0.077 mm or 0.077 X 100/0.129 = 59 per cent of the utilized acetate. 


TABLE II 


Duclaux Constants of Volatile Acid Fractions 


Per cent of total volume distilled 





12.5 25 37.5 50 62.5 75 87.5 


Per cent of total acidity in distillate 





Normal acetic acid 11.8 | 23.9 | 36.8 | 50.5 | 65.4 | 81.2 | 95.6 
Isotopic ‘“‘ wi 12.0 | 24.4 | 36.1 | 49.0 | 63.7 | 79.2 | 93.9 
After incubation, liver 14.7 | 26.3 | 38.2 | 50.9 | 64.8 | 79.8 | 93.8 

es o kidney 12.4 | 23.9 | 36.8 | 50.3 | 65.4 | 80.8 | 94.5 


In Experiment 2, similar calculation reveals that 83 per cent of the utilized 
acetate was completely oxidized. 

After removal of the acetate by distillation the non-volatile residue, 
containing 1.13 and 0.89 mm of carbon in the respective experiments, had 
a small C excess, all the excess C™ of which was extractable with ether. 
The amount of this fraction was so small, however, that only sufficient was 
available for a C“ determination. Consequently further identification was 
impossible. 

As in the liver experiments, the Duclaux constants reveal that the 
recovered acetic acid was unaccompanied by other volatile acids, but there 
was similarly observed a small dilution by normal acetic acid, due either to 
atetate formation from tissue constituents during incubation or to pre- 
formed acetate. 

Recovery of C®@—As shown in Table III, the respiratory CO, and ketone 
bodies account for 63 and 84 per cent of the C™ utilized as acetate in the 
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respective liver experiments. The C" content of the non-volatile fractions 
was too low for an accurate estimation, but could not have represented 
more than 5 per cent of the total. The remainder was probably incorpo. 
rated into the tissue by synthetic reactions. Although the tissue fractions 
did not contain significant C™ excesses, this does not signify that none of 
the unaccounted for C™ was incorporated in the tissue, as the small quanti- 
ties involved would be masked by the relatively large mass of normal 
tissue carbon. 

In the respective kidney experiments the respiratory CO, and the non- 
volatile fraction account for 70.5 and 96.7 per cent of the total utilized 
C®. 


TABLE III 


Per Cent of C¥ Utilized As Acetic Acid, Appearing in Various Fractions 
Liver Kidney 
Experiment 1 Experiment 2 | Experiment 1 | Experiment 2 





Acetoacetic acid 26.3 35.5 0 0 
Hydroxybutyric acid.... 5.6 8.7 0 0 
Respiratory COs. 31.2 39.5 59.8 82.5 
Non-volatile substances . ° 10.7 14.2 
Tissue... , 0 0 0 0 
Total accounted for 63.1 83.7 70.5 96.7 


* Not determined. 


DISCUSSION 

The equal distribution of excess isotope between the carbonyl and 
carboxyl carbon atoms of acetoacetic acid formed from isotopic octanoic 
acid (1) indicated that the metabolism of fatty acids in liver proceeds 
through the intermediary formation of a 2-carbon substance. The similar 
results reported herein with carboxyl-labeled acetic acid may be taken as 
additional confirmation of this postulation and further emphasizes the 
close relationship between acetic acid and this 2-carbon intermediary. 

Of the total ketone bodies formed, only a part was derived from the 
isotopic acetic acid. This is indicated by comparison of the C™ contents 
of the respective substances. In Experiment 1, for example, the aceto- 
acetate contained (1.62 + 1.89)/4 = 0.88 per cent C™, whereas the 
acetic acid had a C® content of 2.16 per cent. If we assume that this 
difference represents dilution of the isotopic acetoacetate by non-isotopic 
acetoacetate derived from tissue constituents, we may calculate that 
0.88 X 100/2.16 = 41 per cent of the total acetoacetate came from the 
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substrate and 59 per cent from the tissue. Similar calculations for Experi- 
ment 2 indicate that 45 and 55 per cent were derived from the substrate 
and tissue, respectively. Though the origin of this non-isotopic aceto- 
acetate is uncertain, the most probable source is the fatty acids of the 
liver lipids. If these fatty acids were broken down to acetic acid in the 
course of their conversion to ketone bodies, a dilution of the isotopic acetic 
acid would be expected. 

Although a dilution was observed, it was not as large as expected. In 
Experiment 1, for example, 60 per cent of the 0.111 mm of ketone bodies 
came from the tissue. It should have required the production of 0.111 
x 0.60 * 2 or at least 0.133 mm of acetic acid. Since 0.634 mm of 
acetate was originally present, the minimum expected dilution would be 
0.133 X 100/(0.634 + 0.133) = 17 per cent, whereas the observed 
dilution was 9 per cent. In Experiment 2, the minimum dilution should 
again have been about 17 per cent, whereas the observed dilution was 11 
per cent. 

It should be pointed out that the expected dilution would be observed 
only if equilibrium exists between the biologically formed acetic acid and 
the isotopic substrate. If the rate of condensation is rapid in comparison 
with the diffusion, it is conceivable that the “biological” acetic acid, being 
produced intracellularly, is preferentially condensed before mixing with the 
main portion of extracellular isotopic acetate. This would be true, partic- 
ularly, if the biological 2-earbon intermediary is not acetic acid itself, but 
a functional derivative such as acetyl phosphate, which would not be 
expected to diffuse readily. 

Two other observations point to the possibility that the biological 
intermediary is not acetic acid itself. First, the condensation of acetate 
does not occur in the absence of oxygen.’ Under anaerobic conditions no 
acetate is utilized and no ketone bodies are formed. Since oxidation is 
not involved in the condensation of acetate to acetoacetate, it is conceivable 
that oxidative energy is required to convert acetate to an active form which 
can undergo the condensation. Lipmann (18) has brought forward evidence 
to show that the “active” acetate concerned in the many fold reactions of 
pyruvic acid is acetyl phosphate. This substance may be involved here 
also. 

The second observation is the apparently greater concentration of C" 
in the carboxyl than in the carbonyl group. This is difficult to explain on 
the basis of a condensation of identical molecules. If we assume, however, 
that the substrate molecules react, not only with one another, but also with 
& more active biological 2-carbon compound, the higher activity of the 
latter might be manifested by a greater tendency to act as the acetylating 


? Unpublished observation. 
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agent in the condensation. With acetyl phosphate as an example, the 
reaction could be formulated as follows: 


(CH;,COOPO;H)- + CH;C"OOH-—CH;COCH,C“OOH + (H,PO,)- 


Other Oxidation Pathways of Acetic Acid in Liver—The C™ content of 
the respiratory CO, represents the complete oxidation of 30 to 40 per cent 
of the utilized isotopic acetate. Inasmuch as acetoacetate is appreciably 
oxidized by fasted rat liver (19), part at least of the isotopic CO: of respira- 
tion represents the breakdown of acetoacetate. 

The question remains whether all of the isotopic CO, represents break- 
down of ketone bodies or whether acetate is metabolized by some other 
pathway. If all of the acetate goes through ketone bodies, the C™ content 
of the respiratory CO, would be equal to or lower than the C™ content of 
the ketone bodies. If the C" content of the respiratory CO: were signifi- 
cantly higher than the ketone bodies, this would constitute proof for 
another oxidation pathway. In Experiment | the acetoacetate contained 
0.88 per cent C™, whereas the respiratory CO, had 0.92 per cent; in Experi- 
ment 2, the respective values were 0.99 and 0.95 per cent; in a third experi- 
ment they were 1.20 and 1.21 per cent. Thus, in all three experiments 
the C® contents were approximately equal. Inasmuch as we are reluctant 
to place too great reliance on small quantitative differences in view of the 
possibility of unknown sources of error in the C“ determinations, the above 
data are regarded as inconclusive as to whether or not acetate is oxidized 
through other pathways than acetoacetate. However, the approximate 
equality of the C® contents of the acetoacetate and the CO, suggests that 
perhaps all of the substances involved, whether from the substrate or 
tissue, pass through the ketone body stage prior to complete oxidation. 

Acetate Oxidation in Kidney—The results of these @xperiments gave no 
conclusive information concerning the possible intermediates of acetate 
oxidation in kidney. The presence of C” in the non-volatile material 
extractable with ether does suggest that possibly Cy-dicarboxylie acids or 
other components of the Krebs cycle may be involved. These possibilities 


are now being studied. 


SUMMARY 

1. The distribution of C™ in acetoacetic acid formed by condensation 
of acetic acid, labeled with C" in the carboxyl group, indicates that the 
reaction proceeds by coupling of two acetyl groups. 

2. Of the total acetoacetate, 41 to 45 per cent came from the isotopic 
acetate and the remainder presumably from constituents of the liver 
slices. 

3. Although the results establish the ketone bodies as an intermediate 
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stage of acetate metabolism in liver, the data are inconclusive as to whether 
or not acetate is also metabolized by some other pathway not involving 
ketone body formation. 

4. A decrease in the C™ content of the acetate recovered after incuba- 
tion demonstrates the formation of acetate from tissue constituents. 

5. Acetic acid is oxidized in kidney without the appreciable accumu- 
lation of intermediates. The presence of a small quantity of isotope in 
the non-volatile fraction extractable with ether suggests that the C,- 
dicarboxylic acids or other components of the Krebs cycle may be inter- 
mediates of acetate oxidation in kidney. 


We are greatly indebted to Dr. H. C. Urey and the Houdry Process 
Corporation of Marcus Hook, Pennsylvania, for their cooperation in this 


work. 
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A DIETARY FACTOR ESSENTIAL FOR GUINEA PIGS* 
VI. CHANGES IN THE DISTRIBUTION OF ACID-SOLUBLE PHOSPHORUS 
IN THE MUSCLE DURING A DEFICIENCY OF THE ANTISTIFFNESS 
FACTOR 


By WILLEM J. van WAGTENDONK anv HILDEGARD LAMFROMT 


(From the Department of Chemistry and the Department of Zoology, 
Oregon State College, Corvallis) 


(Received for publication, January 3, 1945) 


In diseases in which muscular activity is impaired because of a dystrophic 
condition, deviations from the normal concentrations of creatine phosphate 
and adenosine triphosphate can be expected. Reinhold and Kingsley 
(1) reported a decrease in the concentration of phosphocreatine and 
adenosine triphosphate in dystrophic muscles of guinea pigs deficient in 
vitamin E. The low level of creatine in the muscle of animals deficient 
in vitamin E was recognized by Goettsch and Brown (2) and has since 
been repeatedly confirmed (3-5). A correlation exists between muscular 
dystrophy and urinary excretion of creatine (6). These two phenomena 
are suggestive of a breakdown of creatine phosphate during the deficiency 
of vitamin E. Houchin (7) and Weissberger and Harris (8) found an 
increase in phosphate turnover during vitamin E deficiency. Changes 
in the concentrations of phosphocreatine and adenosine triphosphate in 
the brain have been reported in experimental poliomyelitis (9). 

Guinea pigs raised on a diet mainly composed of skim milk to which the 
necessary minerals and known essential vitamins had been added de- 
veloped a characteristic syndrome (10). The first outward sign of the de- 
ficiency was the development of a stiffness at the wrist joint. In the ad- 
vanced stages of the deficiency the muscles were found to be extremely 
atrophied. Calcium deposits were found in many body tissues. Vitamin 
E, supplied either in the form of wheat germ oil or as the synthetic a- 
tocopherol, did not cure or prevent the deficiency disease. The syndrome 
could, however, be prevented and cured by a factor present in raw cream 
(11) and several plant sources." 

It was found previously (12) that no creatinuria developed when guinea 
pigs were raised on a diet deficient in the antistiffness factor, but sup- 

* Supported by grants from the Williams-Waterman Fund of the Research Cor- 
poration and from the General Research Council of the Oregon State System of 


Higher Education. 

t From a thesis submitted by one of the authors (H. L.) as partial fulfilment of 
the requirements for the degree of Master of Arts, Oregon State College. 

‘van Wagtendonk, W. J., and Wulzen, R., to be published. 
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plemented with a-tocopherol. However, a more severe creatine excretion 
resulted when the diet was deficient in both a-tocopherol and the anti- 
stiffness factor than when only a-tocopherol was omitted. This indicates 
that the antistiffness factor has some influence in the creatine turnover. 
The concentration of the easily hydrolyzable phosphorus in the liver and 
kidneys of the experimental animals was lowered considerably during the 
deficiency (13). A high concentration of inorganic phosphate was found 
in these tissues. The level of inorganic phosphate in the blood of these 
animals was also significantly above normal (14). It might be concluded 
from these observations that a deviation from the normal levels of creatine 
phosphate and adenosine triphosphate in the muscle would result from a 
deficiency of the antistiffness factor. A significant decrease of the con- 
centration of these compounds was found. 


EXPERIMENTAL 


Method 


Guinea pigs were raised on the diet described by van Wagtendonk et al. 
(14). This diet consisted of skim milk powder and water to which the 
necessary minerals and known vitamins were added. The animals were 
bedded on autoclaved straw. The animals on the stock diet received rolled 
barley, greens, and straw ad libitum. At various intervals the guinea 
pigs were sacrificed. The animals were anesthesized with nembutal, and 
the musculus rectus femoris rapidly removed. The tissue was frozen at 
once in a mixture of dry ice and ethyl ether in order to prevent changes in 
the phosphate distribution (15, 16). After being weighed in the frozen 
state, the tissue was dispersed in 10 times its weight of ice-cold 10 per cent 
trichloroacetic acid by means of a Waring blendor. The mixture was 
filtered immediately after maceration. The filtrate was made alkaline to 
phenolphthalein and the resulting solution analyzed for inorganic phosphate, 
creatine phosphate, and adenosine triphosphate according to the method 
of Stone (17). In order to determine the changes in the concentrations 
of inorganic phosphate, creatine phosphate, and adenosine triphosphate 
due to aging, three different age groups (13, 20, and 72 weeks) of animals 
on the stock diet were also analyzed. Wherever possible groups of fifteen 
animals were used. 

Results 

The results are represented in Table I. The creatine phosphate and 
adenosine triphosphate concentrations increased slightly with progressive 
age, thus substantiating the findings of Fainshmidt et al. (18). The con- 
centration of creatine phosphate in the musculus rectus femoris coincides 
with that found by Palladin and Epelbaum for the musculus biceps femoris 
(19). 
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Marked changes in the distribution of the acid-soluble phosphate in the 
muscle were found during the time limit of the deficiency period. The 
concentration of the inorganic phosphate increased as compared with that 
found in animals receiving a stock diet. Some fluctuation in the creatine 
phosphate and adenosine triphosphate content occurred in the early period 
of the deficiency. In the more advanced stages a significant lower level 


became established. 


TaBLe | 
Distribution of Acid-Soluble P in Muscle of Guinea Pigs Receiving Stock Diet and 
Skim Milk Diet 


Stock diet Deficient diet 








Mean, mg. per 100 gm. Mean, mg. per 100 gm. 
Age No. of a Time | No.of |- 
Geter Inorganic | Creatine ATP- jon diet Gorter Inorganic! Creatine ATP- 

weaatene > ~— [phosphate + ADP* a P |phosphate| ADP* 
ks wks 
13 10 54.1 7.0 12.4 15 48.7 7.8 18.7 
14 os 15 69.1 yA 12.4 
15 3 | 15 51.6 | 10.0 | 14.8 
16 7 8 71.0 7.0 14.5 
20 15 37.2 9.2 20.6 10 15 54.0 7.9 7.6 
23 19 5 76.1 4.5 4.4 
29 28 15 65.2 4.2 3.8 
4] 59 | 16 80.1 3.0 | 2.8 
72 10 | 42.7 12.0 19.8 | 





*ATP and ADP denote respectively adenosine triphosphate and adenosine di- 
phosphate. 


DISCUSSION 


From the experiments reported here it becomes evident that the im- 
paired function of the muscle during the deficiency of the antistiffness 
factors is correlated with a lowered content of compounds containing energy- 
rich phosphate bonds (20). This decrease of creatine phosphate and 
adenosine triphosphate in the muscle tissue parallels the drop in the easily 
hydrolyzable phosphate concentration in other tissues, e.g. liver and 
kidneys (13). 

In a previous paper of this series (14) a high concentration of calcium 
was found in the muscle. The simultaneous presence of a high concentra- 
tion of inorganic phosphate can account for the deposits of calcium phos- 
phate found in so many tissues. 

Although both a deficiency of vitamin E and a deficiency of the anti- 
stiffness factor result in a lowered concentration of creatine phosphate 
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and adenosine triphosphate in the muscle, a distinct difference is found in 
the fate of creatine. A deficiency of vitamin E is characterized by a severe 
urinary excretion of creatine. No creatine excretion was found when the 
diet deficient in the antistiffness factor was supplemented with a-tocopherol, 
Animals raised on a diet deficient both in vitamin E and the antistiffness 
factor developed a creatinuria, more severe than when only a-tocopherol 
was omitted (12). Patrick and Morgan (21) have reported that an 
unidentified fat-soluble factor, present in yeast and soy bean phosphatides, 
was necessary for the proper utilization of a-tocopherol by the chick. No 
evidence for the need of this factor was found in our experiments. 


SUMMARY 


A deranged distribution of the acid-soluble phosphorus in the muscle 
is found during a deficiency of the antistiffness factor. The concentration 
of inorganic phosphate increases during the deficiency, while the concentra- 
tions of creatine phosphate and adenosine triphosphate decrease after 
some fluctuations at the onset of the deficiency. The antistiffness factor 
and vitamin E have different functions in the animal organism. 
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THE INACTIVATION OF TYRAMINE BY HEART MUSCLE 
IN VITRO 
By FREDERICK BERNHEIM anp MARY L. C. BERNHEIM 


(From the Departments of Physiology and Pharmacology and of Biochemistry, 
Duke University School of Medicine, Durham, North Carolina) 


(Received for publication, January 15, 1945) 


It has previously been shown (1) that rat heart slices and intestinal 
muscle strips can both deaminate the side chain of tyramine and cause 
the disappearance of hydroxy groups on the ring. Liver and kidney slices, 
on the other hand, cause only deamination. It was, therefore, of interest 
to determine whether one or more enzymes are responsible for the inactiva- 
tion of tyramine by heart and to study the properties of the reaction. The 
function of the liver enzyme, presumably, is the inactivation of the amines 
formed in the intestine from amino acids by bacteria. In the heart, it 
may reasonably be assumed that the mechanism which causes the destruc- 
tion of tyramine is also concerned with the inactivation of epinephrine or 
sympathin produced at the sympathetic endings. Support is given to 
this possibility by the fact that tyramine is inactivated by intestinal 
muscle in the same way as it is by heart, and by the fact that arterial 
muscle, as shown below, contains a similar enzyme system. 


EXPERIMENTAL 


Heart muscle slices were made from the ventricle within 5 minutes of 
the removal of the heart from the animal. Approximately 120 mg. (wet 
weight) were suspended in 4.0 ec. of Krebs’ bicarbonate-Ringer’s solution, 
and shaken in an atmosphere of 95 per cent oxygen and 5 per cent carbon 
dioxide at 37°. Suspensions of heart muscle were also made with a small 
Waring mixer. The particles were fine enough to pass through muslin. 
Under the same experimental conditions the slices and suspensions behaved 
in most respects in the same way. At the end of the experiment, 1.0 cc. 
of 20 per cent trichloroacetic acid was added, the precipitate centrifuged, 
and aliquots of the supernatant fluid were used for the estimation of the 
remaining amine groups by the Van Slyke method and the hydroxy groups 
by the method of Theis and Benedict (2). Standards for the latter deter- 
mination were obtained by adding different amounts of tyramine to 
slices immediately before the addition of the trichloroacetic acid. Since 
in the Van Slyke apparatus, under our conditions, 40 per cent of the 
ammonia present comes off as nitrogen, it was necessary to correct for 
this by the use of the following equations: x + 0.4y = a,andz + y = b. 
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Then x = (a — 0.4b)/(0.6), when z is the amine nitrogen present, y, 
the amount of ammonia, a, the nitrogen as measured by the Van Slyke 
method, and 6, the amine nitrogen added at the beginning of the experi. 
ment. The equation is valid, for it was shown that ammonium salts 
added to heart slices under the experimental conditions can be quantita. 
tively recovered at the end of the incubation period. Estimations of 
ammonia by distillation and subsequent nesslerization proved that the 
tyramine was deaminated. Table I shows that the deamination of tyra- 
mine occurs more rapidly than the removal of the hydroxy groups, and 
this is also true as the concentration of tyramine is altered. 

In order to determine whether one or more enzymes are responsible for 
the destruction of tyramine by heart, the effect of a number of drugs and 
of oxygen tension was studied. It is well known (for literature ef. (3)) 


TaBLeE [| 

Disappearance of Amine and Hydrozry Groups of Tyramine As a Function of Time 
and Concentration 

The time curve was obtained with rat heart suspension; the concentration curve 

with rat heart slices after 4 hours incubation. 














Time curve Concentration curve 
Time roe oo . . ~~ Fie th a, a, 
NH:2-N disappeared from OH groups disappeared | Ty : NH-N OH 
0.164 mg. added as from 0.2 mg. added oa) oS |. | > eum 
tyramine HCl tyramine HCl added disappeared | disappeared 
min. meg. | percent | meg. | percent | meg. | per cent per cent 
30 0.026 | 17 |} 0.025 13 1.0 100 67 
60 0.054 33 0.045 | 25 2.0 8 | 63 
90 0.086 52 0.07 | 35 4.0 71 44 


120 0.124 | 75 0.10 | 50 





that ephedrine, cocaine, methylene blue, and caprylic alcohol inhibit the 
amine oxidase of liver, and that this enzyme does not attack the hydroxy 
groups on tyramine. The effects of these drugs on the heart enzyme are 
shown in Table II, which also includes experiments with indole, indole 
acetic acid, and large concentrations of cyanide. All these drugs were 
tested on liver slices and on heart, and were found to cause approximately 
the same percentage inhibition. Indole and indole acetic acid interfere 
with the p-nitroaniline reagent so that values could not be obtained for 
their effect on the disappearance of the hydroxy groups. Ephedrine also 
interferes with the reagent, causing a cloudiness after 30 to 45 seconds. 
It is possible, however, to estimate the color during this period, with a 
standard which contains the same concentration of ephedrine. The 
methylene blue is almost quantitatively adsorbed onto the protein, and 
therefore does not interfere with the color. It is obvious that all the drugs, 
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with the exception of methylene blue, inhibit the deamination to a much 
greater extent than they do the disappearance of the hydroxy groups. 
This, however, does not necessarily mean that two enzymes are involved. 
The effect of oxygen tension is shown in Table III. Kohn (4) first showed 
that the activity of the amine oxidase of liver increases with increased 
oxygen tension. This is also true of the enzyme in heart, and both amine 
and hydroxy groups are affected in the same way. Weight for weight, 


TABLE II 


Effect of Various Drugs on Disappearance of Amine and Hydroxy Groups of 2.0 Mg. 
of Tyramine Hydrochloride Incubated for 2 Hours with Rat Heart Slices 








NH:-N disappeared OH groups Seeapageet 





Drug from 0.164 mg. added from 0.2 mg. added as 
as tyramine HCl tyramine HC] 
. mg. per cent meg. per ceni 
0.139 85 0.140 70 
7.3 X10-*m cocaine HCl 0.072 44 0.134 67 
5.9 X 10-* ‘‘ ephedrine SO, 0.061 37 0.140 70 
2.0 X 10-2 ‘“‘ caprylic alcohol 0.082 50 0.115 57 
13 X 10-* ‘‘ methylene blue 0.044 27 0.014 7 
0.85 X 1072 ‘‘ indole 0.057 35 
0.57 X 1072 ** indole acetic acid 0.082 50 


0.5 X 10-2 “* sodium cyanide 0.070 43 0.130 65 


TaB_LeE III 

Effect of Oxygen Tension on Disappearance of Amine and Hydroxy Groups of 2.0 Mg. 

of Tyramine Hydrochloride after Incubation for 2 Hours with Rat Heart 
Suspension in Krebs’ Phosphate Solution 





NH:-N disappeared from 0.164 mg. OH oremps disappeared from 0.2 mg. 
added as tyramine HCI added as tyramine HC] 
mg. per cent meg. per cent 
Air. 0.076 46 0.070 35 
100 % oxygen 0.105 64 0.100 50 


heart muscle deaminates tyramine at approximately the same rate as 
liver. 

Thiourea, in a concentration of 2.5 mg. per ec., does not inhibit the 
disappearance of either the amine or hydroxy groups, which indicates that 
& copper-containing enzyme is not concerned in the reaction. It was 
observed, however, that the incubation of tyramine with heart slices causes 
a black pigment to accumulate on the slices. The formation of this 
pigment, which is not methemoglobin, is inhibited by thiourea and cyanide, 
and, curiously, increased by the presence of ephedrine. The amount of 
pigment formed must be very small, because the subsequent estimations 
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of the amine and hydroxy groups are not apparently affected by it. It 
seems probable that a small amount of the tyramine may be converted to 
melanin by the cytochrome oxidase system, just as epinephrine is converted 
to adrenochrome. Pigment formation was not seen, however, when liver 
slices were incubated with tyramine. 

If tyramine is added to rat heart slices, no effect on the oxygen uptake 
is detectable (5). If it is added to heart suspensions in Krebs’ phosphate 
solution, a rapid uptake of oxygen occurs. This is shown in Fig. 1. Un- 
like the amine oxidase of liver, however, the uptake does not stop when |] 
atom of oxygen is taken up per molecule. This extra oxygen uptake is 
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Fic.1. The oxidation of 2.0 mg. of tyramine hydrochloride by rat heart suspension. 
The double arrow represents the theoretical oxygen uptake for 1 atom of QO, per 
molecule. 


probably caused by the oxidation of the hydroxy groups. That this is 
the probable mechanism for the attack on this group is indicated by the 
fact that autoclaving at 20 pounds pressure in strong acid after incubation 
fails to increase the amount of estimatible hydroxy groups. Therefore, 
conjugation does not occur. Cocaine, ephedrine, and indole inhibit the 
oxygen uptake of tyramine 26, 37, and 30 per cent respectively at 1 hour. 

8-Phenylethylamine is deaminated very slowly by rat heart slices. In 
three experiments, 2, 9, and 18 per cent of the amount added was deamina- 
ted in 2 hours, when at the same time 70 to 90 per cent of the tyramine 
amine groups disappeared. The same dry weight of liver slices deami- 
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nated 40 to 50 per cent of added 8-phenylethylamine. Thus the enzyme 
in heart appears to be somewhat more specific. Mescaline added to rat 
liver slices is deaminated as indicated by the disappearance of the amine 
groups, and this is true to a smaller extent when it is incubated with heart 
muscle slices. It has previously been shown (6) that rat liver suspensions 
do not oxidize mescaline and heart suspensions are also inactive, which 
indicates that the intact cell structure is necessary for the oxidation of this 
amine in the rat, although this is not true for the rabbit. Possibly, as 
Blaschko (7) suggests, mescaline is oxidized by a separate enzyme. 
Guinea pig and rabbit heart inactivate tyramine at about the same rate 
as rat heart, and the effect of drugs is similar. In the guinea pig heart 
the enzyme is present in equal concentrations at the apex and the base of 
the ventricles. On the other hand, dog and cat hearts are much less active. 
Even with 200 mg. of tissue present only 20 per cent or less of the added 
tyramine is inactivated in 2 hours. Both these animals have an active 


TaBLe IV 
Disappearance of the Amine and Hydrozy Groups of 2.0 Mg. of Tyramine Hydrochloride 
Incubated 3 Hours with 230 Mg. of Dog Thoracic Aorta and 130 Mg. of 
Rabbit Thoracic Aorta 


NH:WN disappeared from 0.164 mg OH groups disappeared from 0.2 mg. 
added as tyramine HCl added as tyramine HC! 
meg. per cent meg. per cent 
Dog ve 0.116 71 0.10 50 


tabbit . 


0.124 7 0.11 55 
amine oxidase in the liver. The relative inactivity of their hearts is 
therefore puzzling, especially since the dog aorta is able readily to destroy 
both the amine and hydroxy groups of tyramine. This is shown in Table 
IV, which also includes the results with the rabbit aorta. 


DISCUSSION 


The experiments with tyramine described above were designed to 
investigate the properties of an enzyme which may possibly be involved in 
the inactivation of epinephrine or sympathin produced at postganglionic 
sympathetic endings. Epinephrine is too unstable a molecule to work 
with in vitro. The ventricular muscle seemed the best tissue for this 
investigation, since Woolard (8), Nonidez (9), and others have shown that 
it is almost exclusively innervated by the sympathetic system, and physi- 
dlogically this innervation is entirely made up of accelerator fibers. The 
presence of what may be called a modified amine oxidase in the ventricle, 
and also in the intestinal muscle and the aorta, is presumptive evidence 
that it may be concerned with epinephrine inactivation. But several 
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questions are raised by this assumption. First, why are the dog and eat 
hearts relatively inactive compared to those of the rat, rabbit, and guinea 
pig? Secondly, is the enzyme present in sufficient concentration to account 
for the relatively rapid disappearance of sympathetic effects? This is 
difficult to answer, for it is necessary to work in vitro with large concen- 
trations of amine, which must diffuse to the site of the enzyme. 1.0 mg, 
of dry weight of rat heart under the experimental conditions inactivates, 
on the average, 6 y of tyramine per minute. This is much slower than 
the hydrolysis of acetylcholine by the cholinesterase, but in general sym- 
pathetic effects are more prolonged than effects mediated by acetylcholine. 
Thirdly, although cocaine and ephedrine inhibit the enzyme, why is it 
necessary to use such high concentrations? There is no answer to this 
question but it should be pointed out that the two other mechanisms 
suggested for the inactivation of epinephrine, namely, conjugation with 
sulfate or adrenochrome formation, are not inhibited at all by these drugs. 
Finally, does sympathetic denervation of the heart, which greatly increases 
its sensitivity to epinephrine, decrease the enzyme activity? It is hoped 
to answer this question in the near future. 


SUMMARY 


1. Rat, rabbit, and guinea pig ventricle slices inactivate tyramine by 
oxidation of both the amine and hydroxy groups. Dog and cat ventricles 
are much less active. 

2. Cocaine, ephedrine, caprylic alcohol, and high concentrations of 
cyanide inhibit the deamination but have little effect on the oxidation of 
the hydroxy group. Methylene blue inhibits both and thiourea has no 
effect on either. Indole and indole acetic acid inhibit deamination, but 
their effect on the oxidation of the hydroxy group could not be deter- 
mined. The oxidation of both groups is affected by oxygen tension. 

3. Equal weights of rat ventricle and liver slices deaminate tyramine at 
approximately the same rate, but the liver enzyme, as previously shown, 
leaves the hydroxy group intact. The drugs inhibit the ventricle and 
liver enzymes to the same extent. Addition of tyramine to ventricular 
muscle suspensions results in an oxygen uptake greater than 1 atom of 
O, per molecule, which suggests the oxidation of the hydroxy group or 
possibly the further oxidation of the ring. No conjugation of either 
amine or hydroxy group occurs. 

4. In the guinea pig, the enzyme is present in the same concentration 
at the base and apex of the ventricle. 

5. The dog and rabbit thoracic aorta inactivate tyramine in the same 
way as the ventricles. 

6. The significance of the enzyme for the inactivation of epinephrine or 


sympathin is discussed. 
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STUDIES ON TRIMETHYLAMINE OXIDE 
I. OCCURRENCE OF TRIMETHYLAMINE OXIDE IN MARINE ORGANISMS* 


By EARL R. NORRIS anp GEORGE J. BENOIT, Jr.t 


(From the Oceanographic Laboratories and the Division of Biochemistry, 
University of Washington, Seatile) 


(Received for publication, October 16, 1944) 


Since 1909 when Suwa (1) showed the presence of hydroxytrimethylam- 
monium hydroxide, commonly called trimethylamine oxide, in the muscle 
tissue of the shark (Acanthias vulgaris), several investigators (2-21) have 
found the base to occur widely in marine and fresh water organisms. How- 
ever, no systematic study of the occurrence of the compound has been 
found in the literature. With the development of a simplified method of 
analysis based on previously suggested methods, a survey of the distribution 
of trimethylamine oxide was made possible and was carried out on biological 
materials available in the Puget Sound region. 


EXPERIMENTAL 


Lintzel (22) devised a method for the determination of trimethylamine 
oxide based upon the reduction of the compound by means of Devarda’s 
alloy in dilute hydrochloric acid. He found that choline, betaine, y-butyro- 
betaine, and carnitine did not interfere. 

In confirmation of Lintzel’s work, the reduction of trimethylamine oxide 
in normal hydrochloric acid in the presence of Devarda’s alloy (0.5 gm. 
per 5 ml. of solution) was found to be complete in 10 minutes at 105°, 15 
minutes at 95°, and 35 minutes at 80°. Choline, betaine, methylguanidine, 
creatine, tyrosine, cystine, glycine, and proteins were found not to interfere. 
The specificity of the method used in the present work was checked by 
isolating trimethylamine oxide from one source from which it had not been 
previously reported. 

In the analysis of marine organisms, a weighed sample of tissue or organ- 
ism was finely ground in a mortar and transferred with distilled water into 
a graduated 50 ml. centrifuge tube. The material was extracted for at 
least 2 hours at approximately 10° with frequent stirring. After centri- 
fuging, the total volume was noted, and the supernatant liquid decanted. 
This solution was used for the determination of trimethylamine and tri- 
methylamine oxide. 

* Taken from a thesis presented by George J. Benoit, Jr., as partial fulfilment of 
the requirements for the degree of doctor of philosophy, University of Washington, 
1942. 

t Present address, Hercules Powder Company, Wilmington, Delaware. 
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Trimethylamine was determined by steam distillation at 30° under re. 
duced pressure in an all-glass distillation apparatus described elsewhere 
(23). An aliquot of the tissue extract was diluted to 5 ml. in the distilling 
flask, and the solution neutralized if necessary with N sodium hydroxide, 
It was distilled for 10 minutes into 2 ml. of 0.02 Nn sulfuric acid, after the 
addition of 0.8 ml. of formalin and 2 ml. of 20 per cent sodium carbonate. 
The excess sulfuric acid was titrated with carbonate-free 0.006 N sodium 
hydroxide, with chlor-phenol red as the indicator. The difference between 
this titration and that of a blank represented trimethylamine plus traces 
of other volatile bases carried over under the conditions of the experi- 
ment. 

In the determination of trimethylamine oxide, an aliquot of tissue extract 
was diluted with distilled water to 5 ml., and 1 ml. of 6 N hydrochloric acid 
was added. The oxide was reduced by digestion for 15 minutes at 95° 
with 0.5 gm. of Devarda’s alloy. After reduction the cooled solution was 
quantitatively transferred to the distilling flask. The solution and wash- 
ings, amounting to about 8 ml., were neutralized with 6 N sodium hydroxide. 
The distillation was carried out as described above after addition of 0.8 
ml. of formalin and 2 ml. of 20 per cent sodium carbonate. The titration 
gave total trimethylamine after reduction, from which the preformed 
trimethylamine was subtracted. The sensitivity of the method varies with 
the amount of sample available, but in general was found to be near 0.1 
micromole of trimethylamine oxide per gm. of tissue. 

The distribution of trimethylamine oxide is given in Table I. In many 
cases several values are given to show the range observed for a given 
species. The distribution in the blood and various tissues of elasmobranch 
and teleost fish is also given to show the marked difference between them. 
The values given for invertebrates are for muscle tissue if not otherwise 
specified; in the case of small animals the entire animal was used. 

Diatoms and marine algae were analyzed and found to be free of tr- 
methylamine and trimethylamine oxide. The algae analyzed were Nereo- 
cystis liittekeana, Porphyra naiadum, and Ulva lactuca, which represent the 
three phyla, Phyophyceae, Rhodophyceae, and Chlorophyceae respectively. 

Five sea anemones of the tribe Hexactiniae of the phylum Coelenterata 
were analyzed and found to contain from 5.7 to 27.0 micromoles of 
trimethylamine oxide per gm. of body weight. Segmented worms of the 
families, Terebellidae and Nereidae of the phylum Annulata were found to 
contain no trimethylamine oxide. 


Isolation of Trimethylamine Oxide 


The only positive proof of the presence of a base such as trimethylamine 
oxide in any organism is the isolation of some recognizable derivative and 
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Tasie | 
Distribution of i'rimethylamine Oxide in Some Marine Animals* (in Micromoles 
Per Gm. of Moist Tissue) 


Invertebrates 
Molluscoidea 
Terebratalia transversa (branchiopods)......... .... Negligible 
Echinodermata 


Strongylocentrotus franciscanus (urchin)............. 
Cucumaria miniata (sea-cucumber).... 


Stichopus californicus (sea-cucumber)...... * 
Mollusca 

Pelecypoda 

Ostrea japonica (Pacific oyster)..................... ” 

SS Ce COMENUET. ccccc cs ch ssbtenctectce see ” 

Paphia staminea (clam). . nek Ves Oba beeEeeee ge 

Sazidomus giganteus (clam)...................... s 

Macoma inquinata (clam)........ Prey te 1400 is 

Cardium californiense (cockle)................ Ute yt 

= corbis (cockle). . Lee te i. an eee ae 
Pecten hericius (scallop). Muscle : hy 46, 50, 39, 52, 48, 41, 45, 52, 
32 
Organs... Sead sees Jue Wy Ole ae 
hindsii (scallop). Muscle............... ... 77,30, 56, 38, 71, 51, 38 
Organs...... — ca cBaee ens Eee 
** jordani. Muscle..... Kits ee es ee 

Amphineura 

Katherina tunicata (black chiton) .seeeeeeesss Negligible 

Cryptochiton stelleri (giant chiton).. * 
Gastropoda 

Anisodoris nobilis (sea slug)......... ’ 

Thais lamellosa (snail) “an sy 

Littorina sitchana (snail) (entire anim: ils). och _ 
Cephalopoda 

Polypus hongkongensis (octopus)................... 17 

Loligo opalescens (squid). pen ge a ee oe ine oa 

Arthropoda (Crustacea) 

Copepoda (entire animals) 

Mixture; largely Corycaeus affinis, Calanus finmar- 

chius, Tortanus discaudatis, and Epidabiocera am- 
phrites.... bus w b's am bis thts deadis bes dere ee dees ee 45 

Mixture; nearly completely Corycaeus affinis........ 16 
Cirripedia 

Balanus cariosus (barnacles) (entire animal). 17 

nubila (barnacles) 52, 63, 42, 71 

Amphipoda sp. (sand-flea) (entire animals) 2.2 
Decapoda 

Pandalus danae (shrimp).............. aS 

Pagurus alaskensis (hermit ¢ rab) ee es a oe 

ochotensis _ . a) Se, othe A ee 


selosis (hermit crab)...... ey: Fe 
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TasB_Le I—Concluded 


Invertebrates—continued 


Pagarus tenuimanus (hermit crab)..... | ee hy A ae 30, 28 
Oregonia gracilis (spider crab).. ae inn a 
Pugettia = = Ag 9 
Cancer erantees GPM)... .... .. <n ccc ddeveldcetd , . 22 

‘« productus “‘ 46 
Hemigrapsus nudus (shore crab) eer Ri 


Vertebrates 
Elasmobranch fish 
Squalus suckleyi (dogfish). Muscle 135, 88, blood serum 64, kidney 42, liver 8, 
18, pancreas 73, spleen 62, stomach 86 
Hydrolagus colliei (ratfish). Muscle 121,.134, blood serum 7.5, 6.5 
‘Teleost fish 
Sebastodes sp. (rock fish). Muscle 16, 40, 46, 38, 48, heart 21, skin 7, liver 0.7, 
0.8, blood serum, eggs, kidney, gill-rakers, spleen, stomach, intestine all negligible 
Scorpaenichthys marmoratus (bull cod). Muscle 46; blood serum negligible 
Pleuronectidae sp. (flounders). Muscle 20, 21, 19, blood serum negligible 
Roccus sagatilis (sea bass). Muscie 44 
Taeniotoca lateralis (blue perch). Muscle 48 
Oncorhynchus kisutch (silver salmon). Muscle (adults caught in salt water) 6.2, 
6.5, (adult spawning fish) 8.3 
Oncorhynchus tschawytscha (king salmon). Muscle (fresh water fingerling) 0-0.6, 
(adults caught in salt water) 7.1, 8.3, (adult spawning fish) 2.1 


* We wish to thank Professor Trevor Kincaid for having supplied us with the 
names of many of the organisms studied. We wish also to thank Mr. Richard T. 
Smith of the Washington State Department of Fisheries and Professor Lauren R. 
Donaldson for having procured some to the specimens used. 


its identification. Because of the time required the isolation and charac- 
terization of trimethylamine oxide were confined to Pecten muscle. 

An aqueous extract of 1.6 kilos of adductor muscle of Pecten hericius 
was deproteinized with tannic acid in the presence of phosphoric acid. 
The clear filtrate was neutralized with sodium hydroxide and evaporated 
under reduced pressure on the water bath. The residue was extracted 
repeatedly with methanol at 60-65°, the insoluble portion being dis 
varded. 

The methanol filtrate was evaporated to a syrup which was repeatedly 
extracted with 96 per cent ethanol. The base was precipitated from the 
extract as the picrate by addition of a saturated solution of picric acid in 
ethanol. After recrystallization from ethanol, the crystals were dried 
over calcium chloride. 

The melting point of trimethylamine oxide picrate is reported in the 
literature to be in the range 196-202°, with decomposition. The authors 
found the melting point of pure trimethylamine oxide picrate prepared from 


tru 
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alcoholic solution to be 198-199°,' that of the picrate from Pecten 199-201°, 
and the mixed melting point 196-197°, all melting with decomposition. 

Part of the trimethylamine oxide picrate from Pecten was converted to 
the aurichloride. The gold value indicated the salt to be analytically pure 
hydroxytrimethylammonium aurichloride. 


(CH;)sNOH-AuCl,. Calculated, Au 47.5; found, 47.4 


DISCUSSION 

Trimethylamine and trimethylamine oxide were not found in marine 
algae or in diatoms. 

Of the invertebrates studied only one phylum, namely Arthropoda, of the 
class Crustacea, showed trimethylamine oxide in every species analyzed. 

Of the Mollusca, trimethylamine oxide was not found in the species 
analyzed of Gastropoda or Amphineura. It was found in Cephalopoda, 
in which it had been previously reported. Pelecypoda showed occasional 
occurrence. It was present in all specimens of Pecten and Cardium ana- 
lyzed. It was not found in the oysters, mussels, or clams analyzed. The 
base was isolated from the muscle of the Pecten and shown to be trimethyl- 
amine oxide. 

Of the phylum Chordata, tunicates and fish were analyzed. Tunicates 
did not show an appreciable amount of trimethylamine :oxide. Both 
elasmobranch and teleost marine fish contain the oxide in their muscles; 
however, only the elasmobranchs had measurable amounts in the blood. 

The above findings raise the interesting and as yet unsolved problem as to 
the origin and metabolic function of trimethylamine oxide. The occurrence 
in all marine arthropods, even in copopods, would indicate that it is of 
endogenous origin and has some fundamental function in the metabolism 
of this group. Of the other invertebrates and vertebrates in which it is 
found occasionally the question arises as to whether it is endogenous, formed 
in the metabolism of the animal, or entirely of exogenous origin, being ob- 
tained from the food. While no hard and fast rule can be formulated, it 
appears that the herbivorous animals living on algae or phytoplankton or 
carnivorous animals living on herbivorous animals do not contain appreci- 
able amounts of trimethylamine oxide, while those living upon zooplankton 
(copopods) or other crustaceans or upon crustacean eaters do contain 
trimethylamine oxide. 


SUMMARY 


Trimethylamine oxide was found to be of general occurrence in marine 
Crustacea. Occurrence in other marine organisms is reported. 


+ All melting points are corrected. 
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In contrast to the results obtained with elasmobranch fish, the blood of 


marine teleost fish contained no appreciable trimethylamine oxide. 


Trimethylamine oxide was isolated from the muscle tissue of Peeien 


hericius. 
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STUDIES ON TRIMETHYLAMINE OXIDE 
Il. THE ORIGIN OF TRIMETHYLAMINE OXIDE IN YOUNG SALMON* 
By GEORGE J. BENOIT, Jnr.,t anv EARL R. NORRIS 


(From the Oceanographic Laboratories and the Division of Biochemistry, 
University of Washington, Seattle) 


(Received for publication, October 16, 1944) 


Trimethylamine oxide has been found widely distributed in marine fish; 
however, its origin or its function in metabolism is not known. Hoppe- 
Seyler (1) found it in the muscle, blood, and urine of elasmobranchs along 
with high concentrations of urea and suggested that it played a réle similar 
to that of urea. He considered it to be a weakly basic, non-toxic end-prod- 
uct of nitrogen metabolism which assisted in maintaining osmotic pressure 
and water balance. The fact that trimethylamine oxide is not found in 
the blood of marine teleost fish (2), in contrast to the relatively high con- 
centration in the blood of elasmobranchs, may suggest a different function 
in metabolism. 

Beatty (3) analyzed muscle extracts of eel (Anguilla rostrata) from in- 
dividuals living in fresh water and also from those found in brackish water, 
and found appreciable quantities of trimethylamine oxide only in the 
latter. 

The trimethylamine oxide content of the muscle tissue of fresh water 
fish has been found to be negative or very low. This is true also of the 
muscles of young salmon while they are still in fresh water. Adult salmon 
taken from salt water contain about 8 micromoles of trimethylamine oxide 
per gm. of tissue. 

The greater amount of trimethylamine oxide in the muscle tissues of 
salmon in salt water might be of endogenous origin and associated with the 
change of osmotic requirements with environment, or might be derived from 
exogenous sources. 

If the trimethylamine oxide is of endogenous origin, the transference of 
young salmon from fresh to salt water while they are maintained on a 
trimethylamine oxide-free diet should give rise to an increase of the base 
in the muscle tissue. In the following experiment such a test was carried 
out. 


* Taken from a thesis presented by George J. Benoit, Jr., as partial fulfilment of 
the requirements for the degree of doctor of philosophy, University of Washington, 
1942. 

t Present address, Hercules Powder Company, Wilmington, Delaware. 


439 








$40 TRIMETHYLAMINE OXIDE. II 


EXPERIMENTAL 


Twenty-five 1 year-old Chinook salmon (Oncorhynchus tschawytscha) were 
placed in two connected tanks, each of 40 liters capacity. The water was 
circulated by a small centrifugal pump which forced it through a sand 
filter, and was aerated constantly. 

The temperature of the water was maintained at about 10° by means 
of cooling coils. 

The water was changed from fresh water to the salinity of sea water in a 
stepwise manner, the volume fraction of salt water being increased by one- 
eighth about every 5 days. At each change of salinity the tanks were 
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Fig. 1. Trimethylamine oxide concentration in young salmon and the chlorinity 
of the environmental water during the transition from fresh to sea water. The 
shaded bar represents values of trimethylamine oxide concentration in muscle tissue 
of adult Chinook salmon caught in salt water. 


thoroughly cleaned. When the salinity was equal to that of sea water, 
the fish were transferred to an aquarium with circulating salt water main- 
tained at approximately 10°. The salinity of the water was determined 
at each step by the Mohr method for total halide. During this period, 
the diet of the fish consisted of ground fresh beef liver. 

Specimens taken periodically for analysis were killed and the heads, vis 
cera, and tails removed. The carcasses were ground and analyzed in the 
manner described previously (2). 


Results 


The variation of the trimethylamine oxide content of the fish carcasses 
plotted against time, and the change in the concurrent chlorinity of the 
environmental water plotted against time, are given in Fig. 1. 
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After the fish had been in sea water for 8 days, they were divided into 
two groups and placed in separate tanks. One group was continued on the 
liver diet, and the other was fed a diet which consisted of 50 per cent liver 
and 50 per cent of some trimethylamine oxide-containing material (salmon 
meal for 1 week, then ground Pecten hericius muscle tissue). At weekly 
intervals a fish was removed from each tank and analyzed for trimethyl- 
amine oxide content. Results are given in Fig. 2. 

Throughout the experimental period the fish appeared to be in excellent 
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Fic. 2. Trimethylamine oxide concentration in young salmon on different diets 


DISCUSSION 

During the period of increasing salinity there was no significant variation 
in trimethylamine oxide content of the young salmon on the liver diet; 
even after they had been in sea water for 5 weeks they showed no increase. 
It is assumed that there would not have been an increase over a longer 
experimental period, but the results show that an increase in the trimethyl- 
amine oxide of the tissues over that present while the fish are in fresh water 
is not necessary for normal activity of young Chinook salmon either en- 
countering or in salt water. 

On the other hand, when the young salmon were fed trimethylamine 
oxide-containing material, there was a rapid accumulation of the compound 
in the muscle tissue. The concentration in the tissues attained that present. 
in the normal marine adults after 3 weeks on the diet. 

These results strongly suggest that, at least in the case of salmon, the 
occurrence of trimethylamine oxide in large amounts in the muscle tissue 
is due to the accumulation of ingested trimethylamine oxide, rather than to 
an endogenous metabolic function. 

The reason for the decline in trimethylamine oxide content after the 3rd 
week on the trimethylamine oxide-supplemented diet (Fig. 2) probably lies 
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in the feeding habits of salmon. Isolated salmon will eat but little if at 
all. The last two fish on the trimethylamine oxide-containing diet did not 
feed well. 
SUMMARY 

When the environment of young Chinook salmon was changed from fresh 
to sea water while the fish were on a trimethylamine oxide-free diet, there 
was no significant change in the trimethylamine oxide concentration in 
their muscle tissues. 

When young Chinook salmon in salt water were fed a diet which contained 
trimethylamine oxide, some of the compound was retained in their tissues. 


BIBLIOGRAPHY 
. Hoppe-Seyler, F. A., Z. Biol., 90, 433 (1930). 


. Norris, E. R., and Benoit, G. J., Jr., J. Biol. Chem., 168, 433 (1945). 
. Beatty, 8. A., J. Fisheries Res. Bd. Canada, 4, 229 (1939). 
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STUDIES ON TRIMETHYLAMINE OXIDE 


III. TRIMETHYLAMINE OXIDE EXCRETION BY THE RAT* 
By EARL R. NORRIS anp GEORGE J. BENOIT, Jr.t 


(From the Oceanographic Laboratories and the Division of Biochemistry, 
University of Washington, Seattle) 


Received for publication, October 16, 1944) 


The feeding of choline, betaine, trimethylamine, or trimethylamine oxide 
to mammalian animals has been reported to give rise to an increased urinary 
excretion of trimethylamine or trimethylamine oxide (1-9), although some 
workers failed to find such an increase (10, 11). Trimethylamine and 
trimethylamine oxide are excreted rapidly and nearly quantitatively, largely 
as the oxide. 

Wiinsche (12) found that intestinal bacteria could split trimethylamine 
from trimethylamine oxide and choline, but only in traces from betaine. 
Miiller (8) ascribed the increased trimethylamine excretion he found from 
choline-fed dogs to this source. 

If the trimethylamine or trimethylamine oxide which arises following 
the feeding of choline is due solely to absorption and excretion of the 
products of intestinal bacterial action on this compound, then differences 
in excretion should be encountered, depending on whether the compound 
is given by mouth or injected. 

The urinary excretion of trimethylamine oxide following the feeding and 
injection of choline, trimethylamine oxide, and related compounds was 
studied in the albino rat. 


EXPERIMENTAL 


Rats 28 days of age were put in individual metabolism cages with screen 
bottoms, so designed that the urine and feces might be collected sep- 
arately. The basal diet and distilled water weré administered ad libitum. 
A basal diet low in trimethylamine and trimethylamine oxide was prepared 
from casein 18, corn-starch 58, Hawk-Oser! salt mixture 4, dried yeast 10, 
cod liver oil 2, and Crisco 8 per cent. The diet was found to have no 
detectable trimethylamine or trimethylamine oxide by the method used. 

The compounds studied were prepared in solutions of such a strength 


* Taken from a thesis presented by George J. Benoit, Jr., as partial fulfilment of 
the requirements for the degree of doctor of philosophy, University of Washing- 
ton, 1942. 

t Present address, Hercules Powder Company, Wilmington, Delaware. 

‘Hawk, P. B., and Oser, B. L., Science, 74, 369 (1931) . 
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that 0.1 or 0.2 ml. contained the desired amount to be administered. When 
given orally, the sample was diluted with milk. Injections were made 
intraperitoneally. 

The urine was preserved with sulfuric acid during collection. The 48 
hour specimens following the administration of the compound to be studied 
were analyzed without delay for trimethylamine and trimethylamine oxide 
by the method previously described (13), 5 ml. portions being used for each 
analysis. 

The relatively high concentration of ammonium salts as contrasted with 
those present in extracts of fish, etc., necessitated the use of 1.3 ml. of 
formalin per 5 ml. of urine and decreased the reproducibility of results to 
+0.02 ml. of 0.006 N sodium hydroxide. A blank obtained by distilling 
solutions of the same concentration of c.P. ammonium salts in distilled water 
was subtracted from the titrations for urine. 

The results indicate that the order of magnitude of trimethylamine in the 
normal urine of both the rat and man is much lower than that of tr- 
methylamine oxide. This confirms the conclusion of Erdmann (14), who 
could find no trimethylamine in fresh normal human urine. From his 
results and the similar ones of Takeda (15), it is probable that the tr- 
methylamine from time to time reported to be present in human urine 
(16-18, 9) resulted either from bacterial or other reduction of part of the 
trimethylamine oxide present or from the decomposition during the analy- 
tical procedure of closely related compounds which occur normally in urine. 
Evidence for reduction was found by several workers (15, 5, 9). 

The experiments were conducted over an 8 week period when the animals 
were 10 to 18 weeks of age. 

Controls, which were fed the quantity of milk used for the oral ingestions, 
or into which were injected 0.2 ml. portions of distilled water, showed no 
change in trimethylamine or trimethylamine oxide excretion. 


Results 


The results of these experiments are given in Table I, expressed in mean 
excretion plus and minus the average deviation from the mean. “Zero” 
means less than 0.04 micromole per ml. 

In order to study further the excretion of trimethylamine and trimethyl 
amine oxide following injection of trimethylamine hydrochloride, each of 
twelve rats was injected intraperitoneally with 49 micromoles of this sub- 
stance. Analyses were made on pooled urine samples collected at intervals 
of 6 and 12 hours for 48 hours. The results are given in Table II. 

At the conclusion of these experiments, the rats were divided into two 
groups. One group was fed 8 to 10 gm. of codfish each day for a week, the 
other the same amount of beefsteak. The animals were provided basal 
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diet and distilled water ad libitum. The rats were then killed by chloro- 
forming and the muscles excised and analyzed. The urine from the rats 
of each group was pooled and analyzed at the end of the experiment. 


Tasie I 
Urinary Excretion of Trimethylamine and Trimethylamine Oxide by Young Albino 
Rats Following Feeding or Injection of Choline, Betaine, Trimethylamine Hydro- 
chloride, and Trimethylamine Oxide 
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Excretion per rat, per 48 hrs. 

















E No. 
f Ce i Method of |_———— — 
- oo. oteiietened Amount odministration Trimethy]- Trimethy]- Trimethylamine 
a mals amine amine oxide + 
— } micromoles micromoles micromoles 
1 | 12| Basal diet only | | 0 | 2 ed | 3 41 
2 | 10! Choline chloride | 112 Feeding 0 33 + 5 ie + 5 
3 | 12 = 112 | Injection 0 56.52 2.5) §.52 2.5 
4 | 12) Betaine 114 Feeding 0 § +2i15 + 2 
5 | 10 . 114 | Injection | 0 l4 £2/4 #2 
6/11) Trimethylamine | 113 | Feeding 4 +2\/67 +7 /|71 +7 
oxide 
7/112 53 r 113 | Injection | 4 +1 (7% +11 80 +10 
8 | 8| Trimethylamine | 49 Feeding §.542/);30 + 35 + 7 
| hydrochloride | 
9 | 12) <b 49 | Injection | 11 +3/26 + 8 | 38 + 10 
TaBLe II 


Urinary Excretion of Trimethylamine and Trimethylamine Oxide by Young Albino 
Rats Following Intraperitoneal Injection of 49 Micromoles of Trimethylamine 
Hydrochloride into Each of Twelve Rats, As Function of Time Since Injection 


The results are for pooled urine. 








Excretion per time interval 


Trimethylamine + trime- 





Time after injection 














Trimethylamine | ‘Trimethylamine oxide thylamine oxide 

hrs. ; ti "iad a | micromoles i i micromoles 
0- 6 69 195 264 
6-12 14 61 75 
12-24 3.7 54 58 
24-36 0 33 33 
36-48 0 12 12 

a Se : | 

SE es nae c's 0 87 355 442 








This experiment would test the reaction of the animals to a normal 
ingestion of trimethylamine oxide and other bases found in fish and of cho- 








446 TRIMETHYLAMINE OXIDE. III 


line in meat. Also, a determination of the trimethylamine oxide concentra. 
tion in the muscle tissue of the animals on the fish diet would indicate 
whether or not there was any accumulation of the compound in the musele 
tissue, as there is in marine fish (19). 

The codfish used assayed at the beginning of the experiment 0.9 miero. 
mole of trimethylamine per gm. and 43 micromoles of trimethylamine oxide 
per gm. 

The group on the fish diet ingested 17,000 micromoles of trimethylamine 
oxide and 360 micromoles of trimethylamine, calculated on the basis of no 
further reduction of trimethylamine oxide. 

Table III gives the urinary excretion of trimethylamine and trimethyl 
amine oxide of the two groups. 

Kapeller-Adler and Krael (20) claimed to have shown the presence of 
trimethylamine oxide in mammalian muscle to the extent of 8 mg. per cent 


TaB.e III 


Urinary Excretion of Trimethylamine and Trimethylamine Oxide by Rats on Meat 
and on Fish Diet Supplements 


The values represent the 1 week collection; six rats in each group. 


Excretion 





Diet — 
Tetenothylecsine Trimethylamine I rimethylamine + 
; oxide trimethylamine oxide 
micromoles micromoles micromoles 
Meat adie 0 590 590 


Fish.... 1900 12,600 14,500 


(1.1 micromoles per gm.). We could not confirm their results by our 
method of analysis; a determination on beefsteak indicated a concentration 
of trimethylamine oxide less than 0.04 micromole per gm. Analysis of the 
muscle tissue of 4 week-old rats showed that if any trimethylamine oxide 
was present its concentration was less than 0.07 micromole per gm. The 
concentration of trimethylamine oxide in muscle tissue of the rats which had 
been on either the meat diet or the fish diet for 1 week was less than 0.04 
micromole per gm., indicating that there was no accumulation of the 
compound in the muscle tissue after ingestion of rather large amounts of 
trimethylamine oxide. 


Isolation of Trimethylamine and Trimethylamine Oxide from Rat Urine 


As the method of determination of trimethylamine and trimethylamine 
oxide is based on the non-specific titration of a volatile base, the only proof 
of the presence of the bases is the actual isolation and identification of some 
known derivative. 


| 











fil 


fe 
ti 


tr 


ra- 
ate 
cle 


| 


de 


he 
10 








E. R. NORRIS AND G. J. BENOIT, JR. 447 


The small amount of trimethylamine oxide present in the urine of the 
rats on the basal diet with no supplements was not conducive to its separa- 
tion and identification. Instead, the trimethylamine resulting from its 
reduction was isolated. 

4 liters of the reduced urine were treated with formalin (250 ml. per liter 
of urine) and sodium carbonate solution. It was then steam-distilled at 
30° under reduced pressure into excess sulfuric acid. After being redistilled 
several times, the base was precipitated as the aurichloride and recrystalized 


from absolute alcohol. 
(CH;);sHNAuCl,. Calculated, Au 49.5; found, 49.3 


600 ml. of the filtered accumulated urine of the rats on the fish diet, 
as described above, were acidified with sulfuric acid and freed of some 
impurities by two partial precipitations with phosphotungstic acid. The 
resulting filtrate was treated with excess barium chloride and rendered 
slightly alkaline by the addition of sodium hydroxide. The filtrate was 
steam-distilled at 30° under reduced pressure for 5 minutes to remove 
ammonia and trimethylamine. The barium was tnen removed with carbon 
dioxide and the neutral filtrate concentrated in vacuo on the water bath to a 
thick syrup. The residue was extracted with methanol; after filtration, 
the filtrate was evaporated to a thick syrup in vacuo on the water bath. 
This process was then repeated three times with absolute ethanol. The 
filtrate from the last extraction was treated with saturated absolute alco- 
holic mercuric chloride to complete precipitation of the trimethylamine 
oxide. The precipitate, separated by centrifuging, was dissolved in water 
and decomposed with hydrogen sulfide. The clear filtrate was concentrated 
on the water bath to a small volume and the trimethylamine oxide was 
precipitated by the addition of 30 per cent chloroauric acid in 2.5 n hydro- 
ehloric acid. The crystalline precipitate was recrystallized from 5 N 
hydrochloric acid. 


(CH;);sNOHAuCl,. Calculated, Au 47.5; found, 47.5 


DISCUSSION 


When choline was fed, a noticeable increase of urinary trimethylamine 
oxide was found. However, there was no evidence that injected choline 
was converted to trimethylamine oxide. There was practically no dif- 
ference in trimethylamine oxide excretion following the feeding and injec- 
tion of betaine. These results tend to confirm the conclusion that bacterial 
action in the intestine is responsible for the formation of trimethylamine or 
trimethylamine oxide, followed by excretion as trimethylamine oxide. 

Both ingestion and injection of trimethylamine oxide and trimethylamine 
gave rise to the excretion of some trimethylamine. When trimethylamine 
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was injected, some was rapidly excreted per se, perhaps before it could be 
oxidized. Trimethylamine oxide was at least partly reduced, since some 
excretion as trimethylamine occurred. The site of the reduction other than 
bacterial reduction in the intestine may be the liver, as Ackermann, Poller, 
and Linneweh (21) have shown that mammalian liver in vitro is capable of 
reducing trimethylamine oxide in part to trimethylamine. 

The small amounts of trimethylamine oxide excreted by animals fed the 
basal diet alone as well as the increased excretion when the diet was supple- 
mented with beefsteak can probably be attributed to dietary choline. 


SUMMARY 


There was a noticeably greater excretion of trimethylamine oxide when 
choline was fed to albino rats than when the same amount was injected 
intraperitoneally. This suggests that the trimethylamine oxide arose from 
the action of intestinal bacteria on choline. 

When trimethylamine and trimethylamine oxide were fed to or injected 
into rats, the compounds were rapidly and nearly quantitatively excreted, 
largely as the oxide. 
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THE HEMATOPOIETIC ACTIVITY OF XANTHOPTERIN IN 
YOUNG SALMON 


By EARL R. NORRIS anp RICHARD W. SIMMONS 


(From the Oceanographic Laboratories and the Division of Biochemistry, 
University of Washington, Seattle) 


(Received for publication, November 14, 1944 


Since the first report from this laboratory of the hematopoietic activity of 
xanthopterin when administered to young salmon (1) several papers have 
appeared (2-7) suggesting a possible réle of xanthopterin in nutrition and 
especially linking it with folic acid, vitamin M, and possibly vitamin 
B.. 

There is considerable difference in the nutritional requirements of various 
types of animals. When young salmon and trout are fed synthetic diets 
which are adequate for the rat, the fish become anemic and the mortality 
is high. Ascorbic acid does not improve the diet, but the addition of 20 to 
40 per cent of fresh liver renders the diet adequate for fish (8). Phillips (9) 
suggested that anemia be used as an index of factor H (10) deficiency; 
however, this factor is probably complex and made up of more than one 
component. The following experiments demonstrate the réle of xanthop- 
terin in alleviating fish anemia. 


EXPERIMENTAL 


The young salmon used in these experiments were reared in hatchery 
ponds on a diet of 20 per cent liver and 80 per cent spawned-out salmon. 
The fish in each pond showed a considerable variation in erythrocyte count 
and contained a fairly large proportion of more or less anemic fish. The 
variation between members of the same pond was attributed largely to the 
individual’s ability to obtain natural food in the form of insects. In spite 
of the great variation in erythrocyte count of fish taken at random from a 
pond, groups of fish having a uniform erythrocyte count could be selected 
from each pond on the basis of gill color. Table I gives representative 
results obtained by taking a group at random from such a pond and also 
the values obtained on groups selected according to gill color. The random 
group, C, Table I, gives every third value from a group of 60 fish with actual 
counts which ranged from 50,000 cells per c.mm. to 1,200,000 cells per 
¢.mm., with a standard deviation of 300,000 cells per c.mm. Selection 
by gill color gave more uniform groups of animals with standard deviation 
of approximately 30,000 cells per c.mm. 

To show the hematopoietic effect of xanthopterin on young salmon, two 
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lots of 9 month-old Chinook salmon (Oncorhynchus ischawytscha), hatched 
from eggs taken in the fall of 1940, were selected according to gill color. 
One of the lots had an average count of 800,000 cells per c.mm. (Lot A) 
and the other 1,300,000 cells per c.mm. (Lot B). The fish of Lot A were 
divided into groups and placed in four troughs, those of Lot B into two 
troughs. All the troughs were screened so that insects would not be 
available to the fish. The water temperature during the experiments 


TABLE I 
Individual Erythrocyte Counts (Cells per C.mm.) on Young Chinook Salmon 











Group C, taken at Group G. R., selected Group I. L., selected Group I. H., selected 
random 4 gill color by gill color by gill color 

1150 x 10° 690 x 10 740 X 108 1470 X 10° 
920 740 $20 1180 

510 670 880 1300 

120 780 840 1270 

990 680 730 1310 

100 720 760 
1200 690 770 
1100 760 850 

S9O 6S0 860 

470 730 820 

310 770 

500 | 830 | 

220 790 

310 780 | 

350 740 

180 770 

190 810 

100 830 

420 790 


790 840 


ranged from 10-13°. The experimental fish were fed ground spawned-out 
salmon. 

Three levels of xanthopterin (10, 20, and 40 mg. per kilo of body weight) 
were injected into three of the groups of Lot A, the fourth group being kept 
for a control. One of the groups of Lot B was injected with 20 mg. of 
xanthopterin per kilo of body weight and the second kept for a control. 
Erythrocyte counts were made on the Ist, 2nd, 3rd, 5th, 8th, and 14th days 
after injection. The results are given in Fig. 1. Because of the small 
size of the fish, the animals must be sacrificed in obtaining the blood for the 
cell count. Each point on the curves represents the mean of enough 
determinations to reduce the standard error of each mean to 30,000 cells. 
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Fic. 1. Postinjection erythrocyte counts on young Chinook salmon injected with 
synthetic xanthopterin. Curve 1, controls for Lot A, no injection; Curve 2, group 
of Lot A, injected with 10 mg. of xanthopterin per kilo of body weight; Curve 3, 
group of Lot A, injected with 20 mg. of xanthopterin per kilo of body weight ; Curve 4, 
group of Lot A, injected with 40 mg. of xanthopterin per kilo of body weight; Curve 5, 
controls for Lot B, no injection; Curve 6, group of Lot B, injected with 20 mg. of 
xanthopterin per kilo of body weight. 
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Fic. 2. Postinjection erythrocyte counts on young salmon of different species 
injected with 20 mg. of xanthopterin per kilo of body weight. Curve 1, Chinook 


salmon (Oncorhynchus tschawytscha); Curve 2, silver salmon (O. kisutch); Curve 3, 
sockeye salmon (QO. nerka). 
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The response of groups of Lot A on different levels of xanthopterin showed 
a correlation between the amount injected and the rise in cell count. The 
highest recorded counts approach a maximum value between 1,550,000 and 
1,600,000 cells perc.mm. Approximately the same maximum value was 
reached when 20 mg. per kilo were injected into the fish of Lot B. 

A number of erythrocyte counts were made on apparently normal wild 
salmonoid fish, some caught in fresh and others in salt water. There was 
considerable variation among the wild fish; however, the highest values 
did not exceed the maximum values obtained in the above experiments, 
It appears that values between 1,500,000 and 1,600,000 cells per c.mm. 
might be considered as a normal maximum of optimum cell count. Cell 
counts were made on wild Chinook salmon, silver salmon, and steelhead 
trout. 

In order to test the effect of xanthopterin on different species of salmon 
of approximately the same age, lots of silver salmon (Oncorhynchus kisutch) 
and sockeye salmon (Oncorhynchus nerka) were selected according to gil) 
color and run parallel with the experiment on Chinook salmon. All the 
conditions of the experiment were kept the same. The two lots of fish 
were each divided into two troughs. One group of each lot was injected 
with 20 mg. of xanthopterin per kilo of body weight and the other kept for 
acontrol. Fig. 2 shows the relative response obtained with the three species 
of salmon, starting with approximately the same cell count and receiving 
20 mg. of xanthopterin per kilo of body weight. All three species gave a 
rapid rise in cell count following injection. However, the response varied 
with the species; Chinook salmon gave the greatest and sockeye the least 
increase. The sockeye salmon were slowest in returning to the original 
value. 


The authors wish to thank Mr. Lloyd Royal of the Washington State 
Department of Fisheries for the generous provision of facilities for this 
work, and particularly Mr. Richard T. Smith of that department for his 
assistance. 

SUMMARY 

1. Young experimental fish of relatively uniform erythrocyte count may 
be selected from a random sample of a pond by gill color. 

2. Xanthopterin has a hematopoietic action on young Chinook salmon, 
which is correlated with the dosage of xanthopterin used. 

3. A maximum cell count of approximately 1,600,000 was not exceeded 
regardless of the dosage of xanthopterin or the initial cell count of the group 
of fish. 

4. A species variation in response to injected xanthopterin was observed 
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between three species of the genus Oncorhynchus: Chinook salmon, silver 


salmon, and sockeye salmon. 
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THE USE OF DIAZOTIZED p-AMINOACETOPHENONE IN THE 
DETERMINATION OF VITAMIN Bs (PYRIDOXINE) 


By ELMER B. BROWN, ALBERT F. BINA, anp JAMES M. THOMAS 


(From the Anheuser-Busch Laboratories, St. Louis) 
(Received for publication, December 30, 1944) 


Swaminathan (1), in 1940, published a chemical method for the de- 
termination of pyridoxine, with diazotized sulfanilic acid as the color 
reagent for pyridoxine. The results obtained by this method were in 
good agreement with data published by a bioassay method of Waisman and 
Elvehjem (2). The procedure used to free the extracts of interfering 
substances was, however, long and difficult to perform. Bina, Thomas, 
and Brown (3) published an improved chemical procedure for the de- 
termination of vitamin Bs, with diazotized sulfanilic acid as the color 
reagent. These authors employed alkaline ethyl alcohol as a selective 
solvent which aided in the purification and served to stabilize the color 
reaction. 

A new diazo reaction for pyridoxine is described in this paper. The 
reagent is diazotized p-aminoacetophenone. The alkaline modification 
of this reagent was first used by Prebluda and McCollum (4) for the de- 
termination of thiamine. In the method reported here the diazo reagent 
is used for the reaction with pyridoxine immediately after the sodium 
nitrite treatment, without subsequent treatment with alkali. This re- 
agent produces a good color with pyridoxine and is more sensitive and 
specific than diazotized sulfanilic acid as previously described by Swam- 
inathan and the present authors. This sensitivity, we believe, is due to 
the fact that the color reaction is produced at a pH of 7.0 to 7.3 instead 
of at the higher pH of 10 to 11 which is necessary when diazotized sulfanilic 
acid isemployed as the color-producing reagent. Solutions containing from 
0.5 to 2.0 y of pyridoxine per ml. are readily measured by this procedure. 
While the specificity and sensitivity of this reagent are increased over that 
of diazotized sulfanilic acid, the stability of the color is not as good. That 
is, the color develops to a maximum within 2 to 5 minutes, after which it 
gradually fades. The time interval, however, between maximum color 
development of the complex and the start of fading is ample to permit of 
accurate reading. 

The use of diazotized p-aminoacetophenone instead of sulfanilic acid in 
the color development permits the employment of synthetic resins instead 
of sodium tungstate in the purification process. The substitution of this 
simple adsorption step with Amberlite for the complicated technique and 
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voluminous precipitates involved in the sodium tungstate treatment 
materially simplifies the method. 


Preparation of Reagents 


Solution I—3.18 gm. of p-aminoacetophenone are dissolved in 45 ml, 
of concentrated hydrochloric acid, and then diluted to 500 ml. with dis. 
tilled water. This solution is kept in a glass-stoppered volumetric flask 
and stored in the ice box when not in use. Under these conditions the solu- 
tion is stable for at least 2 months. Prebluda and McCollum (4) found 
it stable for at least 6 months. 

Solution IJI—4.5 gm. of sodium nitrite are dissolved and made up to a 
final volume of 100 ml. with distilled water. 

Solution II I—2.0 ml. of Solution I are measured into a 25 ml. brown, 
glass-stoppered graduate, placed in an ice bath, and then 2.0 ml. of Solution 
II are added. The solution is kept in the ice bath for 10 minutes with 
occasional whirling, after which 8.0 ml. more of Solution II are added. 
The graduate is allowed to stand an additional 20 minutes with occasional 
whirling of the tube. With the completion of this reaction the diazo 
reagent is ready for use. This reagent should be used within an hour 
after preparation. 

Solution I1V—Alkaline ethyl alcohol; made by diluting 2 ml. of a 25 per 
cent NaOH solution to 100 ml. with 95 per cent ethyl alcohol. 

Solution V—<Acetic acid solution; 8.0 ml. of glacial acetic acid diluted 
to 100 ml. with distilled water. 

Solution VI—Acetate buffer, pH 4.5; 54.4 ml. of glacial acetic acid and 
111 gm. of hydrated sodium acetate crystals dissolved and diluted to 1000 
ml. with distilled water. 

Solution VIJ—Sodium acetate solution; 50 gm. of hydrated crystals 
dissolved and diluted to 100 ml. with distilled water. 

Solution VIIJ—A standard solution of pyridoxine containing 100 y per 
ml. This solution is made slightly acid (pH 4.5) with sulfuric acid and 
kept in a brown glass flask in the ice box. A daily working standard con- 
taining 10 y per ml. is prepared from this solution. 


Color Development 


The color development step proceeds as follows: To 10 ml. of an ab 
coholie solution at pH 7.0 to 7.3 containing from 5 to 25 y of pyridoxine 
are added 2.0 ml. of distilled water, followed by 2.0 ml. of 50 per cent 
hydrated sodium acetate (Solution VII), and then 1 ml. of diazo reagent 
(Solution III). The contents of the reaction graduate are mixed by in- 
verting the cylinder after the addition of each reagent. After the ad- 
dition and mixing of the sodium acetate solution, the cylinder is let stand 
for a few seconds to allow all the air bubbles to escape from the solution. 
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Then 1 ml. of the diazo reagent is allowed to run slowly down the side 
of the reaction cylinder, the formation of air bubbles being avoided. The 
contents are again mixed gently. The 1 ml. pipette used for the addition 
of the diazo reagent is carefully rinsed with distilled water after each use. 
This technique of the color reaction is important and should be followed 
carefully. 

The time required for the color to develop to maximum intensity is 
approximately 3 to 5 minutes after the addition of the diazo reagent and it 
is stable for at least 2 minutes. This point is.determined by color in- 
tensity measurements during the development. The instrument used to 
measure the yellow color is a Pfaltz-Bauer fluorophotometer, in which is 
employed a combination blue and yellow filter with maximum transmission 
at about 420 my. The instrument is adjusted to 0 extinction or 100 per 
cent transmission with a blank consisting of all the reagents except py- 
ridoxine. The color developed in the blank is quite stable for a period of 
1 hour, but the color developed with pyridoxine begins to fade slowly after 
reaching a maximum intensity within 5 to 6 minutes after adding the diazo 


reagent. 
EXPERIMENTAL 


A sample containing from 100 to 200 y of pyridoxine is weighed into a 
125 ml. Erlenmeyer flask and 50 ml. of sulfuric acid (0.1 N) are added. The 
mixture is autoclaved at 15 pounds excess pressure for 30 minutes, cooled, 
and then incubated at 40° for 2 hours in a buffered solution containing 0.4 
gm. of equal parts of taka-diastase and papain. The buffered solution 
is prepared by dissolving 0.2 gm. each of taka-diastase and papain in 10 ml. 
of acetate buffer solution of pH 4.5 (Solution VI). The hydrolysate is 
diluted to 100 ml. with distilled water and filtered through No. 1 Whatman 
paper. 0.5 gm. of Amberlite resin, No. IR-4, analytical grade, is added 
to the clear filtrate to adsorb soluble interfering substances to prevent 
their adsorption on the Super Filtrol. A 40 ml. portion of the resin-free 
extract is pipetted into a glass-stoppered centrifuge tube containing 0.6 
gm. of Super Filtrol. This mixture is allowed to stand for 30 minutes 
with occasional whirling, and then centrifuged. The liquid is decanted 
and discarded. The Super Filtrol is washed with 40 ml. of distilled water 
and again centrifuged and the washing discarded. 20 ml. of alkaline 
ethyl aleohol (Solution ITV) are added to the tube containing the Super 
Filtrol. The tube is placed in a water bath held at 60-65° for 30 minutes 
with occasional whirling, then cooled, and centrifuged. The alcoholic 
solution of the pyridoxine is then decanted into a 50 ml. beaker and the 
residue washed with 10 ml. of alkaline aleohol, centrifuged, and the alcohol 
added to the 50 ml. beaker. 

The combined extract is adjusted to pH 7.3 with acetic acid solution 
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(Solution V) and diluted to 40 ml. with alcohol. 10 ml. portions are wged 
for the pyridoxine determinations with the diazo reagent. The machine 
is set to zero extinction, or 100 per cent transmission by means of a complete 
reagent blank. This blank is made by carrying the reagents through the 
entire process, 10 ml. of the final solution being used. After diazo treat. | 
ment the machine is set by this blank for use on the sample. The color | 
developments are as previously described. The solutions used and referred 
to by number are prepared as described previously. 

Determinations of pyridoxine were made on a number of biological 
materials. The diazo reagent was employed for a comparison with diag- 
otized sulfanilic acid (Table I). The method employed for extracting 
the naturally occurring pyridoxine and freeing the extracts of interfering 


TABLE I 
Pyridoxine Content of Some Food Materials 


Pyridoxine 


Material p-Amino- Setenih. 
aceto- — Values from literature 
phenone acid 
y per gm. y per gm. vy per gm. 
Dried brewers’ yeast, Sample I 64.7 64.5 39-40 (1), 55 (2) 
‘ * 1 - II | 75.2 75.0 
= se m7 sie III 67.8 68.0 
as beef liver. | 86.4 80.0 
Rice bran concentrate 135.0 137.0 100 (4) 
Whole wheat flour 7.2 10.1 4.7-4.8 (1), 4.6 (5) 
Barley malt “ | 12.8 11.9 


Yeast extract (liquid) 160.0 148.0 


substances is a modification of our procedure previously published in 
this Journal (3). 


DISCUSSION 


The strength of acid used in preparing the sample for enzymatic di 
gestion is greater than previously used by us for this purpose. This in- 
creased strength of acid used does not give higher values of pyridoxine 
in the materials tested but prepares the material to better advantage for 
the purification step with Amberlite. Experiments were carried out in 
which different strengths of acid were used for the hydolysis up to 2 N 
sulfuric acid without improvement. The use of higher strengths of acid 
proved detrimental because of increased breakdown of protein products 
that affect the purification process. The hydrolysis with 0.1 N sulfurie 
acid, without subsequent enzymatic digestion, gave results comparable 
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with those followed by enzymatic digestion. However, enzymatic digestion 
is especially desirable with products containing starch and is advised for 
all products. 

The removal of interfering compounds is more readily and easily ac- 
complished by the use of Amberlite [R-4 than by the more complicated 
sodium tungstate precipitation procedure. This material does not adsorb 
pyridoxine under the conditions used in this procedure but does remove 
material that would interfere with the color reaction. Experiments give 
consistently 96 to 100 per cent recovery of added crystalline pyridoxine 
when the adsorption time does not exceed 5 minutes. With an adsorption 
time of 20 minutes the recoveries were lower, ranging from 80 to 90 per 
cent. Zeolite, prepared as for use in thiamine analysis, can be used in 
place of Amberlite IR-4. The use of a synthetic resin of this type has the 
advantage over the natural clays in that the properties and purity are more 
uniform. These results are contained in Table II. 


TaBLeE II 


Recovery of Pyridoxine with Amberlite IR-4 and p-Aminoacetophenone As 
Parts of Process 








Material Found Recovery 
‘ Ii artiecibiaconsceial = * 
Y | per cent 
100 y crystalline pyridoxine hydrochloride...............| 98.6 98.6 
i abe T ies vo] 195.4 97.7 
50 “ i wt ™ EL ee 47.9 95.8 
100 ‘‘ pyridoxine + 1 gm. brewers’ yeast (75.2 7)........| 172.8 98.7 


! 








Experiments with synthetic resin (Amberlite IR-100) show that it 
adsorbs pyridoxine completely from solution, similar to the action of 
Super Filtrol, but unfortunately cannot be used in the place of Super 
Filtrol in this procedure because of the color imparted to the eluate. We 
find that Amberlite IR-100 also adsorbs riboflavin from acid solutions. 
Alkaline alcohols other than ethyl alcohol were tried as eluates but 
certain disadvantages were encountered with each alcohol tried that showed 
them to be inferior to ethyl alcohol for this purpose. The list included 
methyl, normal, and isopropyl! alcohol. 

Seudi et al. (5) have shown that boric acid reacts with crystalline py- 
ridoxine to form a complex that prevents its reaction with the chloramide 
reagent to give the characteristic color phenomena of pyridoxine. We 
find this to be true with diazotized p-aminoacetophenone when crystalline 
pyridoxine is employed. However, when boric acid is added to extracts 
of biological materials, interfering side reactions ure encountered that 
prevent its use as a blank in such products. A sample of yeast when 
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treated according to our regular procedure gave normal values for the 
pyridoxine content of the yeast and complete recoveries for any added 
pyridoxine, but when boric acid was used in the blank the values for the 
yeast were low and erratic and added pyridoxine could not be completely 
recovered. The strength of the acid used in the hydrolysis and the con- 
centration of boric acid et vloyed in the blank affect the results to a marked 
extent. 

Table III gives typical results obtained when the borate blank was em- 
ployed on this yeast sample when 0.2 gm. of boric acid was added to 10 
ml. of the final alcoholic extract before regular color development. 

The chief advantage of the use of p-aminoacetophenone over sulfanilie 
acid lies in the fact that the diazo reaction with pyridoxine takes place 
at pH 7.0 to 7.3, while the diazo reaction with sulfanilic acid requires a 
pH of 10 or higher. At this alkaline concentration color is produced 


TaB_e III 
Effect of Boric Acid Blank on Acid-Hydrolyzed Extracts 


0.1 N H2SO, |0.1 w H2SO, (0.5 w HeSO«| w HsSQy 





Material “Without 
borate | With borate blank 
blank 
| Y | Y Y Yr 
1 gm. yeast.......... icived ae | ee 19.9 | 24.6 
1“ ‘ -+—- 100 y pyridoxine......... | 169.0 80.4 88.0 76.7 











from substances that are not affected at the lower pH value and interfering 
substances are created that have to be eliminated prior to this treatment. 
The elimination of the subsequent treatment with alkali, therefore, be- 
comes a distinct advantage to the method. 

In color reactions of this type too much emphasis cannot be placed on 
the cleanliness of the glassware employed. We have observed that the 
simple reuse of the pipette, without thorough rinsing with distilled water, 
in the pipetting of the diazo reagent introduces an error that gives rise to 
a higher value for pyridoxine. This reagent is unstable and produces 4 
chromogen when exposed to the air on a pipette that adds color to the 
solution on reuse. 

The values we obtain for pyridoxine in the materials so far tested are 
shown to be approximately the same with either of the color reagents 
employed. The same values are also obtained whether the purification of 
the extract is carried out with sodium tungstate or by the use of Amberlite. 
The values by the chemical methods, however, are somewhat higher than 
the values by the biological method. Yeast that consistently yielded 
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values of 60 to 65 y per gm. when analyzed by these chemical methods 
yielded 50 to 55 y per gm. by the biological procedure. We have been 
unable to establish whether this difference is due to substances other than 
pyridoxine that produce color that is measured in the process or whether the 
erystalline pyridoxine used as reference in the biological method is more 
available to the animals. 


SUMMARY 


1. A new diazo reaction for pyridoxine is described, in which diazotized 
p-aminoacetopherione is used as the color reagent. 

2. A synthetic resin, Amberlite IR-4, is found suitable for the removal 
of interfering compounds in the purification of the extracts for analysis. 
The use of this resin materially simplifies the purification procedure. 

3. The use of a boric acid blank is not applicable when applied to bi- 
ological materials containing pyridoxine. Added pyridoxine could not 
be recovered completely and erratically low yields were obtained on 
biological extracts when this blank was employed. 

4. Alkaline methyl alcohol, normal propyl alcohol, and isopropyl] alcohol 
were tried as eluates but proved to be inferior to ethyl alcohol for this 
purpose. Alkaline alcohol does not stabilize the color complex formed with 
diazotized p-aminoacetophenone and pyridoxine as it does with sulfanilic 


acid. 
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AMINO ACID INHIBITION OF COPPER PROTEINATE 
FORMATION 


By JAMES J. QUIGLEY anp THELMA F. MURASCHI 


(From the Division of Laboratories and Research, New Y ork State Department of Health, 
Albany) ; 


(Received for publication, January 11, 1945) 


In an investigation of the applicability of the copper sulfate method 
(1) for protein determination in sera of different species, three therapeutic 
antipneumococcus rabbit sera, which were about 5 years old, failed to form 
the typical copper proteinate sac. However, the falling drop (2) and the 
refractometric. (3) methods indicated protein concentrations in these three 
sera to be about the same as in other sera from similar sources. The 
failure of these sera (one each of types 1, 8, and 17) to form the copper 
membrane was found to be directly related to the presence in the serum of 
an excess of free amino acids. We have been able to induce this condition 
in normal serum by the addition of amino acids or by enzymatic processes. 
This failure to form the copper proteinate sac is likely to be encountered 
only rarely (in the present experience, three in 120 instances) and under 
abnormal conditions; it should therefore not greatly affect practical applica- 
tions of the method. 


EXPERIMENTAL 


In search of an explanation of the anomalous behavior of the three sera, 
a study was made of the routine methods in the preparation of such sera 
for human use. The usual treatment of antipneumococcus rabbit sera in 
these laboratories includes heating at 56°, the addition of two preservatives, 
~merthiolate’’ to give a final concentration of 1:20,000 and phenol in ether to 
give a final concentration of 1:500, and adsorption with kaolin. These 
procedures were found to have no apparent effect on the precipitability of 
serum protein by copper sulfate. 

Effect of Amino Acids—Bourdillon (4) has reported that the products of 
protein hydrolysis may interfere with precipitation of the protein upon the 
addition of heavy metal salts. In order to reduce the concentration of 
amino acids that might be present, a sample of one of the three sera in ques- 
tion, type 8, was dialyzed overnight against tap water in a collodion bag. 
A drop of the residue in the copper sulfate solution! formed a proteinate in 
characteristic manner. Addition of 2.5 mg. of glycine per ml. to some of the 

‘A 4 per cent CuSO,-5H,O (sp. gr. approximately 1.025) is convenient for this 
purpose. 
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residue resulted in inhibition of copper proteinate precipitation, as before 
dialysis. Approximately 0.2 per cent of glycine added to normal rabbit 
serum was found to produce a like effect. Similar results were obtained 
with equimolar concentrations (about 38 mg. of a-amino nitrogen per 100 
ml.) of l-histidine monohydrochloride, dl-alanine, dl-valine, and [-proline, 

Neutralization of Inhibition—Glycine added to samples of human serum 
induced a similar inhibition. Subsequent addition to the serum of normal 
NaOH to make the pH approximately 8.6, or of 0.4 per cent of formalin, 
followed by incubation, as in the detoxification of diphtheria toxin (5), 
neutralized the effect of the amino acid, and proteinate sacs were again 
formed when drops of serum were added to copper sulfate solution. The 
formalin treatment was satisfactorily employed on a small portion of the 
type 8 serum used above and a determination of protein by the copper 
sulfate method indicated the presence of 8.65 gm. per 100 ml. This com- 
pared favorably with the values of 8.59 and 8.33 gm. per 100 ml. obtained 
respectively in tests of the original serum by the falling drop and by the 
refractometric methods. Although in the different methods for protein 
determination conversion factors established for species other than rabbits 
are employed, the various protein figures agree fairly well. In the copper 
sulfate test for protein determination the factor 376 for normal human 
serum (1) was employed in the place of 347.9 used by Weech, Reeves, and 
Goettsch (6). 

Concentration of Free Amino Acids Responsible for Inhibition of Precipita- 
tion—Gasometric determinations of free amino acids in samples of normal 
and immune rabbit sera were made by the ninhydrin-carbon dioxide method 
(7). We are indebted to Dr. W. R. Thompson for this work. The anti- 
pneumococcus rabbit sera from which the protein previously had been 
shown to be non-precipitable by copper sulfate contained from 45.86 to 
104.1 mg. of a-amino nitrogen per 100 ml., whereas four immune sera that 
formed typical copper proteinate contained from 8.34 to 22.27 mg. per 100 
ml. In a pool of normal rabbit sera, there were 6.60 mg. per 100 ml. 

Hamilton and Van Slyke (7) point out that for accurate determinations 
of the a-amino nitrogen in the circulating plasma, blood samples must be 
handled with care to avoid hemolysis or injury of cells. Because the cells 
may contain a concentration of a-amino nitrogen twice as great as that of 
plasma, a positive error may result through the diffusion of amino acids 
from the cells into the plasma. Probable evidence of such an effect was 
observed in results of gasometric determinations on two individual normal 
rabbit sera. One serum, notably hemolyzed, gave a value of 7.38, whereas 
a second serum, of normal appearance, gave a value of 5.64 mg. of a-amino 
nitrogen per 100 ml. 

It is important to note that, according to MacFadyen (8), “When either 
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whole blood or separated plasma clots, the amino acid content of the serum 
formed is usually 10 to 40 per cent greater than that of the plasma.”’ 
Analyses of serum cannot be considered, therefore, an accurate measure of 
the amino acid content of the circulating plasma. 


TaBLeE I 
Results of Tests with Normal and Immune Rabbit Sera 


























Protein determination* . 
Rabbit serum pram, Me Refracto- | PH (water = 1) |«-Amino Remarks 
Copper sulfate mate at25 
mene method 
ee ee ee od 
| | | 700 mi. 
Antipneumococ- | Noproteinate | 8.33 7-4 | 1.64 /104.1 | 
cus, R-8-63 | formed 
Antipneumococ- | Only sugges- | 7.74 | 1.62 | 55.18 
cus, R-1-19 | tion of ppt. | 
Antipneumococ- | Partial, weak | 8.60 | 1.76 | 45.861 
= | | | | 
cus, R-17-20 | ppt. 
Antipneumococ- 7.63 7.64 | 11.70 | 22.27 
eus, R-32-11 | piu | 
Antipneumococ- 7.71 7.72 | 1.75 | 18.36 
cus, R-14-46 a | 
Antipneumococ- | 8.01 | 8.05 | 1.83 | 16.04 
cus, R-4-12 
Antipneumococ- | 7.29 | 7.22 1.73 8.34 
cus, R-14-28 
Normal, R-H920 | 6.51 | 6.52 7.38 | Serum hemo- 
| Ls, acd lyzed 
“ R-H203 | 5.73 }5.65 | | 5.64 | Serum non- 
hemolyzed 
“« (1944. | = 5.45-6.99 | 5.00-6.57) 6.60 
bleedings) 
Normal pools 6.02-6.88 | 6.05-6.49]7.6§ 1.21-1.41) Sera obtained 
1939-43 





* Protein content recorded in gm. per 100 ml. 

t Ninhydrin-carbon dioxide method; 0.1 mg. per 100 ml. subtracted as a correction 
for urea present, assuming the normal range, according to Hamilton and Van Slyke 
(7). 

tA 0.2 per cent solution of glycine would have approximately 38 mg. per 100 ml. 
of a-amino nitrogen. 

§ Serum not stored in resistant glass vial. 


Results of tests of various rabbit sera are given in Table I. 

Effect of Enzyme Action—Data obtained in viscosity tests of rabbit sera, 
a method employed to follow the course of enzyme activity, suggested that 
we were dealing with products of enzyme action. In this instance proteo- 
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lytic enzymes that yield amino acids as end-products of protein digestion 
were indicated. In our tests with a commercial preparation of trypsin 
(Difeo 1:250), samples of normal rabbit serum incubated with a small 
amount of enzyme overnight at approximately 39° were altered so as to 
inhibit copper proteinate formation partially or wholly. 

The staphylococcus was used in a study of the degree to which free amino 
acid might be produced in serum by the proteolytic activity of an enzyme 
of a microorganism. We chose a culture of Staphylococcus aureus in prefer. 
ence to Staphylococcus albus because of its possible greater enzyme activity, 
The inoculum was suspended in saline and added to several normal sera, 
After approximately 2 weeks of incubation at 35°, normal rabbit and normal 
guinea pig sera failed to form a copper proteinate. 


DISCUSSION 


Bourdillon has observed considerable hydrolytic changes in several 9- to 
12-year old diphtheria antitoxic horse sera and has considered the pos- 
sibility that such changes may be caused by some native enzyme in the 
original serum. It is possible that the hydrolytic changes which had 
occurred in our therapeutic rabbit sera were similar to those noted in the 
antitoxic horse sera. 


SUMMARY 


Three therapeutic rabbit serum pools which were about 5 years old at the 
time these tests were made failed to form the copper membrane. Other 
pools of approximately the same age maintained under the same conditions 
reacted normally in the copper solution. These sera, which had been dis- 
tributed for therapeutic use, had been maintained in the laboratory before 
distribution, and, presumably, later in the district supply stations at 
temperatures under 10°. The tests were made after the sera had been 
returned at their date of expiration. 

Three rabbit sera which did not form the copper proteinate contained 
from 45.86 to 104.1 mg. of a-amino nitrogen per 100 ml. Free amino 
acids in serum, equivalent to about 46 mg. of a-amino nitrogen per 100 
ml., have been found to inhibit formation of copper proteinate sacs when 
the serum is dropped into a solution of copper sulfate. A similar result was 
obtained by incubation of sera with trypsin or with a culture suspension of 
Staphylococcus aureus. 

The inhibitory influence of the free amino acids can be overcome by the 
addition of sufficient alkali or by treatment with formalin. 

The amino acid inhibition of proteinate formation in the presence of cop- 
per sulfate solution affords a simplified test of tryptic digestion in serum and 
perhaps in other substrates. 
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AN ACCELERATOR OF CATALASE ACTIVITY 
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(From the Laboratories of the Institutum Divi Thomae, Cincinnati) 
(Received for publication, December 29, 1944) 


Recently, it was shown that yeast extracts accelerated the oxidation of 
various substrates by hydrogen peroxide in the presence of the enzyme 
peroxidase (1). The nature of this stimulation is not known; however, two 
observations led us to the view that the active principles were iron com- 
plexes whose action was bound in some way to that of the enzyme. 

The first observation was the very slight but definite peroxidase activity 
of the extracts. Iron complexes (2) and hemins and metallic iron in 
various physical states (3, 4) have been shown to possess this ability to 
oxidize phenols. The yeast extracts had very little peroxidase activity 
alone, but in combination with the enzyme preparation gave increased 
oxidation. 

The second observation was the ability of the extracts to antagonize 
cyanide and azide inhibition of the enzyme, an action which seemed to be 
closely related to the ability to accelerate the peroxidase in that higher 
concentrations of the inhibitors affected the stimulated action as well as 
normal peroxidase action. It seemed to us therefore that the yeast extract 
was acting in a manner similar to the hemin portion of the enzyme. 

It may be mentioned that these yeast extracts have for some time been 
known to stimulate the oxygen uptake of such tissues as skin and liver 
and of some microorganisms, including bakers’ yeast (5). Here too, the 
stimulatory action was shown to be concerned with the iron portion of the 
respiratory chain, since cyanide and azide, which are known to attack 
specifically the cytochrome oxidase, could be completely antagonized, 
whereas amyl alcohol and urethane inhibition could not (6).! 

In the present paper it is demonstrated that the yeast extract accelerates 
hydrogen peroxide splitting by the enzyme catalase, and an attempt has 
been made to study the nature of this action. 


EXPERIMENTAL 


Since we were interested in relative activities alone, all determinations 
were made at 24° in phosphate buffer (pH 6.8) by a procedure similar 
to that of von Euler and Josephson (7). After an equilibrium period of 
10 minutes, which allowed the solutions to come to temperature, 35 ml. of 


' Kreke, C. W., and Suter, M. St. A., to be published. 
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Merck’s 30 per cent H,O:, diluted 1:500 in distilled water and standardized, 
were mixed with the enzyme-buffer mixture containing 10 ml. of m/15 
phosphate buffer, 3 ml. of distilled water, and 2 ml. of enzyme preparation, 
At time intervals of 5 minutes, 5 ml. of the reaction mixture were removed, 
added to 20 ml. of 10 per cent H,SO, to stop the reaction, and the unde. 
composed peroxide was titrated with 0.01 n KMn0Q,. 


CURVE 2 





. 
CURVE I 





H,0, DECOMPOSED 


PERCENT 





5 10 15 20 25 30 35 40 
TIME IN MINUTES 


Fic. 1. Effect of yeast extract on catalase activity. Curve I, control; Curve Il, 
control plus yeast extract, 1 mg. per ml. 


The enzyme was prepared from the livers of 5 month-old pure strain rats. 
The minced liver was placed in a test-tube and mixed with 10 ml. of dis- 
tilled water. This was allowed to stand 24 hours in an ice chest and then, 
after adding 10 ml. more of distilled water, was diluted 1:400 in distilled 
water; 2 ml. of this diluted enzyme were used for each determination of 
enzyme activity. 
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TABLE I 


Catalase Activity of Yeast Extract 


Control, 2 ml. enzyme 
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Veast extract, 1 mg. per ml. 








| 0.01 w KMnO« HzO: decomposed | 0.01 nw KMnO, H20: decomposed 
a mi. per cent mi. per cent 
5 2.95 39.79 4.95 0.00 
10 1.75 66 .32 4.98 0.00 
15 1.20 75.51 4.98 0.00 
20 0.75 84.69 4.95 0.00 
25 0.53 89.28 | 5.00 0.00 
30 0.35 92.85 4.95 0.00 
35 0.25 94.89 4.95 0.00 
40 0.20 95.92 4.95 0.00 





H,0, DECOMPOSED 


PERCENT 


Fic. 2. Antagonism of yeast extract and cyanide. 








10 iS 20 


CURVE I 





25 30 


TIME IN MINUTES 


CUAVE I 


CURVE I 


35 40 


Curve I, control; Curve II, 


control plus 4 X 10-* m KCN; Curve III, control plus 4 X 10-* m KCN plus yeast 


extract, 1 mg. per ml. 
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The yeast extract corresponded to Sample A prepared as described 
previously (5). The extract was adjusted to pH 6.8 and sterilized. Dj. 
lutions were made in the phosphate buffer. 

In Fig. 1 is shown the effect of yeast extract (1 mg. per ml.) on the H,0, 
decomposition by catalase. The stimulation (Curve II) amounted to 
approximately 63 per cent over the control (Curve I) at the 10 minute 
period. (Concentrations around 0.5 to 1.0 mg. per ml. seem to be an 
optimum. Concentrations of 5 mg. per ml. or higher produce depression.) 


2 
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CURVE I 


DECOMPOSED 
& 
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B 


CURVE I 


PERCENT 4,0, 


ny * @ @ 


10 20 90 40 SO 60 
TIME IN MINUTES 


Fic. 3. Effect of yeast e» tract on hemin decomposition of H,O,. Curve I, hemin 
control; Curve II, hemin control plus yeast extract, 1 mg. per ml. 


The acceleration is similar to that produced by the presence of additional 
enzyme, since there is an initial increased rate with a falling off as the H,0, 
is used up. 

It is interesting, however, that the enzyme-like action of the extract is 
not expressed by itself but only in the presence of catalase. That the yeast 
extract itself is not capable of decomposing H.O, is shown in Table I. 
4.95 ml. of 0.01 n KMnQ, correspond to zero decomposition. Concentra- 
tions from 0.5 to 5 mg. per ml. of extract were tested with the same results. 
If the active principles were iron complexes, as we suggested in the case of 
peroxidase, one would expect a slight but definite catalase activity. Itis 
possible that the active principles are at too low a concentration here to 
show any such action during the 40 minute experimental period. 

The ability of the yeast extract to offset cyanide inhibition of the enzyme 
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is shown in Fig. 2. Curve II shows the depression produced by 4 x 10-* 
“ KCN from the normal control value (Curve I). Curve III shows the 
ability of the extract (1 mg. per ml.) to overcome the depression at least in 
part. At times it was possible to bring about a complete antagonism and 
produce a slight stimulation with smaller concentrations of inhibitor. With 
higher concentrations of inhibitor less effect was noticeable with the extract, 
probably due to a reaction between the inhibitor and the extract. 

That the extract requires the enzyme for its action and not the iron 
prosthetic group alone is shown in Fig. 3 in which hemin decomposition of 
H.O. (Curve I) is depressed by 1 mg. per ml. of extract (Curve II). The 
concentration of hemin used here was 2.5 K 10~* mg. per ml., amounting 
to several million times the hemin present in the catalase experiments. 
0.5 mg. per ml. of the extract also gave depression. Other experiments 
with higher concentrations of extract gave increasing amounts of depression, 





TABLE II 
Effect of Various Yeast Extract Concentrations on Hemin Decomposition of H2O2 
Concentration yeast extract Per cent depression over control in 10 min. 
mg. per mi. 
0.5 26 .6 
1.0 39.0 
3.0 50.0 
5.0 100.0 


as shown in Table IJ. This complete reversal in action for enzyme and 
hemin is indicative of a specific. function of the extract which involves the 


entire enzyme. 
DISCUSSION 


A large amount of literature has accumulated which shows that iron in 
various degrees of complexity possesses oxidase, peroxidase, and catalase 
abilities to a small extent as compared with the specific enzymes. For 
instance, 1 hemin molecule is able to decompose 10~ molecule of H:O, per 
second compared with | molecule of catalase which decomposes 10** mole- 
cule of H,O.. 1 atom of inorganic ferric iron splits only 10-* molecule of 
H»O, per second. This is of interest in view of the fact that the yeast 
extract could increase the catalase activity approximately 63 per cent in 
10 minutes when present at a concentration of 1 mg. per ml. 

Recent work in our laboratories has shown that ferric citrate in a con- 
centration of 1:100,000 had no catalase activity during the experimental 
period, but accelerated liver catalase as much as 37 per cent. We suggest 
that iron complexes may be responsible for the results with the extract. 
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Whether constituents of the yeast extract can combine with the proteins 
of the liver extract to function as prosthetic groups or whether they act by 
reoxidizing the reduced enzyme will be the subject of future work. 


SUMMARY 


In this work, an alcoholic yeast extract has been shown to accelerate the 
action of catalase when present in a concentration of 0.5 to 1.0 mg. per ml. 
This effect is due to a direct acceleration of the enzyme, since the extract 
had no effect by itself. 

When tested on hemin decomposition of H:O., no acceleration was 
obtained. It was suggested that the yeast extracts contained iron com- 
plexes which may act by keeping the enzyme in the oxidized form. 
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"y CARBONATE CONTENT OF BONE IN RELATION TO THE 
COMPOSITION OF BLOOD AND DIET* 
By ALBERT E. SOBEL, MORRIS ROCKENMACHER, 
he AND BENJAMIN KRAMER 
a] (From the Pediatric Research Laboratory and Division of Biochemistry, The Jewish 
ct Hospital of Brooklyn, New York) 
' (Received for publication, December 15, 1944) 
ai The composition of the inorganic portion of bone is not constant. This 





composition has been represented by the formula CaCO ;.nCa3(PO,)2 (1-3). 
The greatest variations occur in the percentage of carbonate. These 
changes have been found to occur with age (4, 5), rickets (4, 6), acidosis 
(7-12), alkalosis (12), diet (4, 8, 12, 13), and osteopetrosis (14). 

In the studies made by previous investigators, no serious attempt was 
made to interrelate the changes in bone to changes in blood, since 
md | these investigations sought other relationships. However, a distinct trend 
| is evident if the data on blood changes in these conditions are collected and 
| examined. It has been pointed out by Howland et al. (6) and Kramer 
| et al. (14) that the changes in the composition of bone may be a reflection 

of the composition of the blood. As Kramer, Yuska, and Steiner (14) 

point out, “The relationship of the composition of bone to that of blood 

deserves further investigation,” and ‘‘This relationship of bone composition 

to blood composition in infants is a wholly unexplored field.”” These state- 
| ments may be expanded to include the whole field of blood and bone rela- 
tionships. 

In vitro experiments on the preparation of solid phases resembling those 
present in bone have shown that an increase of the carbonate in the pre- 
cipitate is a function of the carbonate to phosphate ratio of the liquid phase 
containing calcium, phosphate, and carbonate ions. This fact is demon- 
strated in data given by Logan and Taylor (15) and by Howland, Marriott, 
and Kramer (6). If we accept the premise that bone has an apatite struc- ‘ 
ture (as has been concluded from x-ray evidence), then the composition of 
the solid should reflect the composition of the liquid phase from which it 
forms, since apatite structures have been shown to form a continuous series 
of solid solutions (Eisenberger et al. (16)). 

In the experiments reported here, evidence is presented that a relation- 
ship apparently exists between the carbonate content of bone and the com- 
position of serum. The composition of the serum was altered by dietary 





* Partially presented before the American Society of Biological Chemists, March, 
1943 (Federation Proc., 2, 70 (1943)). 
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means. The knowledge of the factors that influence the composition of 
the bone is of theoretical and practical importance, since further studies 
may reveal some relationship between structural, mechanical, and other 
properties (such as resistance to disease) and composition. 


Preliminary Experiments 


In the first, as well as in all subsequent, experiments young rats 23 days 
old were used. The results indicated that as the inorganic phosphorus of 
the serum increased the carbonate of the bone decreased. Rickets was 
produced by both low calcium-high phosphorus and high calcium-low phos. 
phorus diets. However, only in the case of rickets produced on a high 
calcium-low phosphorus diet was there an increase in bone carbonate. In 








TABLE I 
Composition of Blood and Bone in Relation to Diet; Preliminary Experiments (Mean 
Values) 
. Serum Femora, dry, fat-free 
' No. of Change 
Dietary group rate in ee es . ~— 
gm meg. per ue, per _ ; on x ; per ' mu xX | ow mole 
. cent | cent i 1000 cent 1000 | cent ratio 
Diet A, low Ca- 
St Res vices. «t: +22; 5.0)! 7.4 | 74.2 | 17.6 | 1,42! 169 | 9.14 | 0.10 
Diet B, high Ca- 
SE Pa +32 | 10.1 | 3.3 | 89.9 | 28.9 | 1.93 | 223 | 9.92 | 0.130 
Diet C, low Ca- 





gp 8 |} +13 | 5.3 | 8.6 | 58.9 | 15.5 | 1.58 | 146 | 9.93 | 0.16 


the case of rickets produced on a low calcium-high phosphorus diet, there 
was a tendency towards decreased carbonate in the bone. In rickets due 
to high phosphate diet the serum inorganic phosphorus was normal, while 
the serum calcium was low, whereas in rickets due to low phosphate diet 
the serum calcium was high, while the serum inorganic phosphorus was 
low. There were indications that the composition of the blood followed 
that of the diet, as has been previously reported (17-19). The data for 
these experiments are not given, since they mainly served in the develop- 
ment of the analytical procedures (20). The diets used in these exper- 
ments were lower in phosphorus content than the later diets, which are 
described in this paper. Because of this, more severe rickets was produced 
in our earlier experiments. Data on these diets are given below. 

Table I summarizes the values obtained in our later experiments which 
were still of a preliminary nature, but since the new micromethods were 
employed, these data were considered valid. 














— Cc —_— hp 


a 


n of 
dies 
ther 


lays 
8 of 
was 
108- 
igh 

In 


ean 


oe | ©: 


104 


130 


o> 





SOBEL, ROCKENMACHER, AND KRAMER 477 


The diets were similar to those in Table II, except that the phosphorus 
levels were 0.05 per cent lower. It may be observed in Table I that the 
addition of calcium to Diet A caused an increased CO ;:Ca ratio in the bone 
when compared to results on the low calcium-low phosphorus group, while 
the high phosphorus-low calcium group did not show a significant change 
in the CO3:Ca ratio of the bone. There was an increase in the calcium 
content of the bone in the group on Diet B, but the increase in carbonate 
was greater than that of calctum. In the group on Diet C there was a 
decrease in both calcium and carbonate of the bone compared with Diet A. 
The serum inorganic phosphorus was decreased in the group on Diet B and 
was slightly increased with Diet C. The serum calcium increased in the 
group on Diet B and remained unchanged with Diet C when these groups 


TABLE II 


Composition of Experimental Diets 


Diet Constituents Ca P 
parts | per cent per cent 
A, low Ca-low P (basal) Yellow corn-meal 70 
Wheat gluten 16 0.030 | 0.32 
Brewers’ yeast 10 
NaCl 1 
B, high Ca-low P Basal diet 100 
CaCO; 3 1.13 0.317 
C, low Ca-high P Basal diet 100 
NazHPO, 2.75 | 0.029 | 0.905 


were compared with those on Diet A. There appeared to be a rough 
reciprocal relationship between serum inorganic phosphorus and bone 
carbonate. 

Final Experiments 

These were designed to supply more complete data on the changes ob- 
served in the exploratory work. Analyses of serum CO, were performed 
to determine whether any relationship existed between serum carbonate 
and bone carbonate. In addition, the experiments were extended to in- 
clude the influence of vitamin D. 

Three diets were used in these experiments. The basal diet contained 
traces of calcium (0.03 per cent) and suboptimum amounts of phosphorus 
(0.32 per cent). This diet without other additions will be referred to in this 
paper as a low calcium-low phosphorus diet (Diet A). However, the 
Ca:P ratio of this diet is low (less than 0.1). It is therefore actually a low 
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“alcium-high phosphorus diet. To this basal diet 3.0 per cent of calcium 


carbonate was added to produce a high calcium-low phosphorus diet (Diet | 


B), while the addition of 2.75 per cent of anhydrous NasHPO, to the basal 
diet gave the low calcium-high phosphorus diet (Diet C). The diets ar 
shown in Table II. The calcium and phosphorus values of the diets wer 
determined by duplicate analyses_ Each diet contained the same amount 
of either calcium or phosphorus as one of the others. 





Taste III 
Growth Data 
irene re | ee) oe 
gm. um gm. 
Reference group............... doth Ohne 37.8 
A * 5 4... — 36.9 60.6 23.7 
B ous fo PrY - ’ 37.0 82.0 45.0 
C p butd s Cioddin « op .ehatagly _ 38.8 56.0 17.2 
A + vitamin D.. 37.0 83.4 46.4 
B + “= a atike 35.5 84.7 49.2 
C + s a 36.8 77.3 40.5 
P,Avs.B l 0.9 <10- <10- 
oe 2 0.42 0.38 0.2 
oe fae s 3 0.47 (<10% <10°° 
** A + vitamin D vs. B + vitamin D 4 0.58 0.9 0.8 
oe ae .- = i. on ” 5 0.9 0.55 0.52 
“e+ Kz [ee si ite 6 0.6 0.45 0.3 
* Avs. A + vitamin D 7 0.9 0.03 0.019 
aft ‘od = - “ ” . a 8 0.06 0.78 0.63 
Oo” Ue aia _ 9 0.34 <10- <10* 


P = the probability that the difference between the two means is due to 
chance. 


Albino rats raised in our laboratory from an original Wistar strain were 
used in all these experiments. The mothers were kept on the stock diet of 
Bills et al. (21). The young rats were weaned at 23 days and then placed on 
the experimental diets. Healthy litter mates from litters containing at least 
eight rats were selected. Two of the litter mates, termed the reference 
group, were sacrificed on the 1st day of the experiment to furnish data on the 
initial composition of the blood and bone of the litter. In some cases, be 
cause of the small size of the young rats in the reference group, it was neces- 
sary to pool the blood from two rats in order to obtain sufficient serum for 
analysis. Hence, at least eight rats were needed per litter. Three pairs of 
the six remaining litter mates were placed on the three experimental diets. 
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One pair of rats on each diet in addition received daily 100 1.v. of vitamin 
D in 0.1 ml: of corn oil fed orally by syringe. Unrestricted amounts of dis- 
tilled water were available to the animals. The six groups thus established 
on the three experimental diets, with and without vitamin D, were caged 
separately to prevent mixing of the diets and to prevent the access of the 
groups not receiving vitamin D to this factor. All the experimental animals 
were housed in a dark room. Ten litters of rats were used. The mean 
initial weights of the rats were almost identical and the small differences are 
without statistical significance (see Table III). A reasonable basis for 
comparing the results in the various groups was established because of the 
similarity of heredity, the distribution of litters among the various groups, 
and the identity of the initial weights. 

The rats were maintained on the experimental diets for 30 days and then 
sacrificed by cutting the jugular vein and carotid artery. The blood was 
collected under oil and centrifuged immediately after clotting. The serum, 
under oil, was analyzed without delay for CO, on 0.1 ml. by the manometric 
method of Van Slyke and Neill (22), for calcium in duplicate on 0.1 ml. 
portions by the method of Sobel and Sobel (23), and for phosphorus on 0.1 
to 0.3 ml. by the Fiske-Subbarow method (24) with a Bausch and Lomb 
visual micro colorimeter. 

The femur and tibia were dissected out and cleaned of all adhering tissue. 
The tibia was preserved in formalin and later histological preparations were 
made and examined for rickets and other changes. Longitudinal slits 
were made in the epiphyses and shaft of the femur to render the subsequent 
extractions with two portions of alcohol and one of ether for overnight 
periods more effective. The femur was dried overnight at 105°, weighed, 
and analyzed for carbonate and calcium (25). 


Calculation of Results 





weight of carbonate X 100 


% CO), = = = 
“0 ~*~ weight of fat-free, dried femur 


weight of carbonate in mg. 
mM CO; = — 
mol. wt. of CO; 





weight of calcium X 100 
weight of fat-free, dried femur 





% Ca 


weight of calcium in mg. 
mol. wt. of calcium 





mm Ca = 


From the calcium and carbonate values, it is possible to approximate 
closely the amount of calcium combined with phosphate from the general 
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formula CaCO ;.nCa;(PO,)2, which represents the inorganic composition 
of bone with respect to calcium, phosphorus, and carbonate. 


Calcium combined with CO; mm CO; 


Calcium combined with PO, ~ mu Ca — mm CO, 


The mean results were evaluated by the statistical methods of Fisher 
(26) as applied to small samples. P represents the frequency with which 
the difference between two means may be due to chance alone. When P = 
0.05 or less, then the difference between the means may be considered 
statistically significant. 

Weight Changes—The experimental animals were normal in appearance 
and behavior. The weight changes (growth), including the initial and 
final weights, are indicated in Table III. The first three P values appear- 
ing in Table III indicate the statistical significance of differences in growth 
resulting from the influence of dietary calcium and phosphorus in the 
absence of vitamin D. In Group A, the growth was 23.7 gm., while on 
the addition of calcium to Diet A (Diet B), the growth increased to 45.0 
gm., which is only slightly below the normal weight for rats of this age. 
(The normal growth of rats in our colony is about 53 gm. for a similar 
period.) A decreased growth of 17.2 gm. resulted from the addition of 
phosphate to Diet A (Diet C). The differences between Group B and 
Groups A and C were significant. In contrast, the differences between 
Groups A and C were not significant. In the presence of vitamin D, dietary 
calcium and phosphorus had a negligible influence on growth. There was 
better growth in all groups with vitamin D, but the changes due to dietary 
calcium and phosphorus are not statistically significant (see P Values 
4 to 6). 

The influence of vitamin D on growth is evident from Values 7 to 9 of P, 
obtained by the statistical analysis of the resulting growth changes. There 
was a significant increase in growth in the low calcium-low phosphorus and 
the low calcium-high phosphorus groups. In the high calcium-low phos- 
phorus group, in which growth was greatest, the addition of vitamin D 
had no significant influence. 

The rickets produced in the absence of vitamin D was mild in character, 
since the phosphate level of the diet approached the optimum level quite 
closely and the Ca:P ratio was not extreme (18, 26). 


Composition of Bone and Blood Serum 


Influence of Dietary Calcium, Phosphorus, and Vitamin D—The results 
obtained from the analyses of the bones and blood sera are presented in 
Table IV and the statistical evaluation of the data is given in Table V. 

Total Carbonate and Calcium in Bone—The highest amounts of carbonate 
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and calcium were found in Group B, the differences between this and Groups 
A and C being significant both with and without vitamin D (Table V, 
Lines 1, 3, 4, 6). In contrast to this, the differences between Groups A 
and C were not significant (Table V, Lines 2, 5). In comparing the vita- 
min-fed members of each group to those not fed this supplement, the 
influence of the antirachitic vitamin was manifested by (a) significant in- 
crease in Group B of carbonate and calcium, (}) significant increase of only 
calcium in Group A, and (c) no significant changes in Group C. 
Percentage of Carbonate and Calcium in Bone—In the absence of vitamin 
D Group B has a distinctly higher percentage of carbonate than the other 
two groups, but the difference in the percentage of calcium is of border line 
significance statistically (Table V, Lines 1 to3). Thus the relative amount 


TaBLe IV 


Bone Carbonate and Calcium in Relation to Composition of Blood and Diet 
(Mean Values) 





Blood serum : Bone, dry, fat-free femora 
Weight 
Dietary group ° — “aad Valea ths 
Ca P CO2 bone Ca COs a Ca COs 
Ca 

g. per| mg. per vol. per mu xX ux | moter 
=> oy ce 2 mg. "1000 "1000 ratte ool fad 

x 100 
A esti 6.3 8.9 | 58.8 74.5, 189.3) 20.96 11.1 | 10.39) 1.74 
ee ; 11.8 4.2 59.0 93.4) 297.9| 45.25 15.3 | 13.02) 2.82 
C ie ss ih A 6.0 9.4 56.9 69.4; 196.4) 23.28 11.9 11.45) 2.04 
A + vitamin D ade 8.7 8.9 | 54.7 81.6) 235.4; 23.80 10.2 | 11.80) 1.80 
B+ ss 2 13.3 6.8 | 57.1 | 129.8) 546.3) 75.77; 13.9 | 17.00) 3.53 
C + 4 a 8.8 9.3 | 52.6 77.4, 242.3! 23.91) 9.9 | 12.50) 1.85 
Reference conel See | oe .7| 13.89' 9.1 | 15.26) 2.08 


51.6 | 40.6) 153 


of carbonate deposition proceeded much faster than that of the calcium. 
There are no statistically significant differences between Groups A and C 
with regard to the percentage values of carbonate and calcium (Table 
V, Line 2). 

In the presence of vitamin D, Group B had a significantly higher per- 
centage of carbonate as well as calcium compared to the other two groups. 
There were again no statistically significant differences between Groups 
A and C (Table V, Lines 4 to 6). 

Vitamin D increased the percentage of calcium in all groups, and car- 
bonate in Groups B and A, but only that in Group B was statistically sig- 
nificant (Table V, Lines 7 to 9). 

CO3:Ca Ratio in Bone—The highest CO;:Ca ratios were found in Group 
B, both with and without vitamin D. The differences between Group B 
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and the other two were significant (Table V, Lines 1,3, 4,6). In contrast, 
the differences between Groups A and C were not significant (Table V, Lines 
2.4). Vitamin D caused a decrease of the CO;:Ca ratio in all three groups 
(Table V, Lines 7 to 9). 

Calculated PO,:Ca Ratio in Bone—The PO, content of the bone may 
be calculated by 


[Calculated PO,, mm] = [Ca, mm] — [CO; in mm] 


The above equation is true only if we accept the inorganic composition of 
bone as [Ca3(PO,)2],-CaCO;. There are actually slight deviations from 
this formula; nevertheless, the calculated PO, can give a close approxi- 
mation of the real values and indicate trends. 

The trend in the PO,:Ca ratios is the exact opposite from that found 
for the CO;:Ca ratios. It may be worth while to note that in both of the 
high calcium-low phosphorus groups (Group B) the absolute amount of 
phosphate was higher than in the other two. However, the relative in- 
crease in calcium tied up as the carbonate was still greater and thus the 
PO,:Ca ratio was lower in these two groups. The PO,:Ca ratio was higher 
in the vitamin-fed groups than in the corresponding groups without the 
supplement. Here the total amount of all constituents increased but the 
relative amount of calcium combined as carbonate increased more than 
that combined as the phosphate. 

Composition of Bone in Relation to Blood Serum—The serum CO,:P 
ratio was highest in Group B, in which the bone CO,;:Ca ratio was also the 
highest (Table V, Lines 1, 3, 4, 6). The differences in the serum CO,:P 
in Groups A and C are small and not significant. Similarly, the differences 
between bone CO;:Ca ratios in Groups A and C are also without significance 
(Table V, Lines 2, 5). 

Under the influence of vitamin D the serum CO,:P ratio dropped in all 
groups. Concurrently, a statistically significant drop took place in the 
CO;:Ca ratio (Table V, Lines 7 to 9). Here it must be pointed out that 
the serum CO, dropped in all groups under the influence of vitamin D. 
These differences individuaily are not statistically significant (Table V, 
Lines 7 to 9). However, when all of the vitamin D-fed groups are com- 
pared with the non-vitamin groups by the pair method, the trend towards 
decreased serum CO, values is statistically significant. This point bears 
further investigation. 

Comparison of Results against Reference Group—The last line of Table IV 
shows the results obtained in the reference group which represents the con- 
ditions existing at the beginning of the experiment. In all groups, there is 
an evident increase in the weight of the bone and in the calcium and car- 
bonate content. The degree of mineralization, as shown by the values 
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for the percentage of calcium, however, decreased in all groups with the | 
exception of Group B fed vitamin D, in which it was higher. All these ph 








changes mentioned were statistically significant. This may be inter. lov 
preted as indicating that the organic portion of the bone increased faster sig 
than the inorganic portion. The degree of carbonate deposition, as shown of 
by the percentage of carbonate in the bone, decreased in Groups A and(, | die 
but not in Group B, in which an increase is evident. The CO ;:Ca ratio of to | 
the bone increased in all groups when compared to the reference group, by 
Thus, in an indirect way, the influence of age on the carbonate content of the 
the bone is expressed. phi 
Changes in the ratio of bone CO;:Ca appear to follow the serum CO,:P mil 
ratios. The bones of animals fed high calcium diets showed a significantly die 
higher CO;: Ca ratio than the other two groups. The influence of vitamin | | 
D was manifested in the lower CO;:Ca ratio in the bone on corresponding ino 
diets and lower CO;:P ratios in the blood. If all seven groups are arranged phi 
in the order of serum CO,:P ratios, Group C without vitamin D omitted, the 
this order will also be followed by the values for bone CO ;:Ca of the six cal 
remaining groups. Group C falls out of line, but by a scant difference. | the 
Studies on the complete composition of bone (which will soon be submitted a | 
for publication) show that the residual Ca:P ratio in the bones of this ino 
group differs from the value usually found. of | 
The density of the bones is in general interrelated to the serum Ca X P rati 
product in this series, with but one exception. In Group B without vitamin infl 
D, the serum Ca X P product is the lowest of all groups. Despite this (wh 
fact, however, the density of the bones in this group is third highest in the lite 
series. Whether the serum Ca X CO, product of this group, which ranges tect 
second highest in the series of these products, is influential with regard to bon 
the degree of calcification in this group cannot be stated. Jn vitro experi- give 
ments (15) indicate that at least the deposition of carbonate in bone is in- leve 
fluenced by this product, even though the solubility product [Ca++] x [COs] typ 
is not reached. Though this fact may be only coincidental, it may be | I 
noted that there is a close correlation between the serum Ca X CO, product ture 
and the calcium and carbonate content of the bone. What bearing this | whi 
fact may have on the amount of calcium deposited cannot be stated, es- | bas 
pecially as the experiments of Bethke et al. (17) show an opposite trend | ing 
when values for serum calcium and bone ash are compared. More evi- the 
dence for a possible relationship between the serum Ca X CO: product and carl 
the carbonate content of bone should be sought. rati 
| solic 
DISCUSSION 0 
It is evident from our experiments that the calcium and phosphorus | Ma 
content of the diet as well as vitamin D influences the CO;:Ca ratio of bone. | Soli 
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The high CO;:Ca ratio in bone was associated with high calcium-low 
phosphorus diets. A lowered CO;:Ca ratio was obtained on both the 
low calcium diets (A and C). A less predominating but statistically 
significant decrease in bone CO ;:Ca ratio occurred under the influence 
of vitamin D, which increased the density of the bones in all three 
dietary groups. Neither rickets per se nor low bone density was found 
to be the predominating factor in bone*?CO;:Ca ratio. Rickets produced 
by low calcium-high phosphorus diets showed low CO ;:Ca ratios in 
the bone, as compared with the rickets produced in a high calcium-low 
phosphorus diet in which the CO;:Ca ratio in the bone was higher. Vita- 
min D was unable to counteract completely the effect of the rather extreme 
dietary Ca:P ratios on bone CO;:Ca ratio. 

The influence of diet on bone may be explained by its effect on the major 
inorganic components of bone present in blood, namely, calcium, phos- 
phorus, and CO, (carbonate). As has been previously noted (17-19, 27), 
the serum calcium and inorganic phosphorus levels reflect the dietary 
calcium and phosphorus content. On a high calcium-low phosphorus diet, 
the serum calcium is normal, while the inorganic phosphorus is low. On 
a low calcium-high phosphorus diet, the serum calcium is low, while the 
inorganic phosphorus is normal. Vitamin D tends to raise the low member 
of the pair and in general the more disproportionate the dietary Ca:P 
ratio, the less effective is the vitamin D (17,19). No serious study of the 
influence of dietary calcium and phosphorus on the CO, content of serum 
(which expresses the carbonate content of the blood) is presented in the 
literature. In these studies, dietary calcium and phosphorus had no de- 
tectable influence on blood CO. Vitamin D caused a lowering of the car- 
bonate in each group. This lowering had no statistical significance in any 
given dietary group. However, the trend towards decreased serum CO; 
levels in all three groups is statistically significant. More data of this 
type are necessary for final conclusions. 

It is known that bone is not a precipitate of exact composition. Its struc- 
ture may be represented by the general formula CaCO;-nCa;(PO,)s, in 
which approximately 6 per cent of the calcium may be substituted by other 
bases (28). X-ray evidence shows that it has an apatite lattice. Apatites 
in general are considered solid solutions whose composition reflects that of 
the supernatant fluid (16). Thus, with a given calcium concentration, the 
carbonate content of the solid phase should be a reflection of the CO3:PO, 
ratio of the liquid phase, from which it follows that the CO;:Ca ratio of the 
solid will also be a reflection of the CO;: PO, ratio of the liquid phase. 

On examining the data from the in vitro experiments of Howland, 
Marriott, and Kramer (6), it may be seen that the CO;:Ca ratio of the 
solid formed was a reflection of the CO3;:PO, ratio of the liquid phase. 
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This fact is also evident in the data of Logan and Taylor (15, 29). The 
explanation Logan offers is that carbonate is adsorbed on the crystal lattice 
of Cas(PO,)2 and that the adsorption is proportional to the [Ca™] x 
(CO; |] product in the supernatant liquid. He offers as support for his 
concentration the fact that proportionately more carbonate than phos- 
phate can be removed by weak acid from bone ash or precipitates of calcium 
phosphate. However, regardlesstof whether calcium carbonate is ad. 
sorbed on the bone or is part of the apatite lattice, the fact remains that 
the CO;:Ca ratio of the precipitate is a reflection of the CO 3: PO, ratio of 
the supernatant fluid. 

In view of the above considerations, it should be interesting to examine 
the changes in bone CQO;:Ca ratio in relation to the serum carbonate. 
inorganic phosphate ratio, which is referred to as the CO,.:P ratio for 
convenience. In the experiments presented in this paper, there was a 
distinct relationship between the serum CO,:P ratio and bone CO 3:Ca. 
In only one case was the relationship faulty, namely, on the low calcium- 
high phosphorus diet without vitamin D. The slight deviation observed 
may be explained if we consider the Ca:P ratio of the bone. In this group 
(as will be shown in a subsequent publication), the residual Ca:P ratio was 
1.33, while in the other six groups this ratio ranged from 1.48 to 1.52. 

Let us examine the variations in bone carbonate reported in the litera- 
ture in the light of differences in the serum CO,:P ratio. An increase in the 
proportion of bone carbonates has been reported in rachitic compared with 
normal bone (4, 6). This rickets was produced on a high calcium-low phos- 
phorus diet (so-called ‘‘low phosphate rickets’”’). The serum inorganic phos- 
phorus in such cases should be markedly reduced (17-19). Thus, the 
increased bone carbonate may be related to the increased serum CO,:P 
which results. Had these investigators examined the bones in rickets 
due to low calcium-high phosphorus diets, they would not have associated 
the increased proportions of bone carbonate per se with rickets. 

In our experiments, it is readily seen that the high carbonate content of 
the bone in Group B results from the high serum CO: P ratio, while the low 
‘arbonate content of the bones of Groups A and C is related to the low 
CO,:P ratio in the serum. Similar observations have been reported on a 
calcium-poor diet in swine (12) and also in rats (8). Brooke et al. (8) con- 
cluded that in the rats kept on a calcium-poor diet the calcium lost is 
mainly the calcium carbonate of the bone salts. These conditions are 
analogous to our low calcium diet groups (A and C). From previously 
mentioned considerations (17-19) and on the basis of the serum CO,:P 
ratio found in Groups A and C, it seems justifiable to apply the explanation 
used to account for the low carbonate content in those groups to Brooke's 
results. 





in 


th 


wa 


- 


SOBEL, ROCKENMACHER, AND KRAMER 487 


When acid rations were fed to swine (10, 12), a decreased bone carbonate 
content was reported. The resulting acidosis lowers the serum CO,:P 
ratio and in this respect may be linked with the low bone carbonate. When 
mineral acid is fed to rats (9), the decreased bone carbonate found may also 
be associated with the lowered serum CQO,:P ratio associated with the 
resulting acidosis. 

In prolonged starvation a condition of acidosis sets in, accompanied by a 
rise in serum inorganic phosphorus (30, 31). Accordingly the reduced 
carbonate content of the bone by inanition may be considered a reflection 
of the reduced COz:P ratio of the serum. Thus it appears that in this 
ease also the decreased carbonate in bone may be associated with the 
decreased serum CQOz:P ratio. 

The decrease in bone carbonates in all the above conditions may be 
assigned to reduced serum CO,:P ratios rather than to decomposition in 
the presence of acid, since the changes in the pH of the blood were neces- 
sarily slight. 

in alkalosis produced in swine by a rachitogenic alkaline ash diet, an 
increased bone carbonate content is reported (12). This bone carbonate 
content may be ascribed to the increased serum CO,:P ratio, since in 
alkalosis, the CO. content of the serum increases. 

It is well known that in rapidly growing animals the serum inorganic 
phosphorus is higher than in older animals (32), whereas no significant 
changes in serum CO, are known. Thus, the increase in the bone CO;:Ca 
ratio with age may be based on the higher CO,:P ratio of the serum. 

In the one reported case of osteopetrosis in which serum calcium, inor- 
ganic phosphorus, CO2, and complete bone analyses were performed (14, 
33), the findings may be explained by our reasoning. The bones of this 
patient (a 34 month-old male) showed hypermineralization, high density, 
and high carbonate content, accompanied by severe rickets which did not 
respond to vitamin D or irradiation therapy. The carbonate content of 
the bone was high, equal to that of a normal adult bone. The serum CO, 
was normal, calcium was in the low normal range, but the inorganic phos- 
phorus was low. In this pathological condition, too, the high carbonate 
content of the bone may be related to the raised serum CO,:P ratio. 

The bones of certain marine fishes contain much less carbonate than 
those of the higher vertebrates. This is related to the lower carbonate 
content of their body fluids, which have a roughly equivalent phosphorus 
level (34). Here, too, the lower carbonate content of the solid phase may 
be referred back to the lowered CO,:P ratio of the liquid phase. 

The above discussion is not intended to imply that the serum CO,:P 
ratio is the only factor, but it attempts to call attention to the importance 
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of this relationship in explaining all the observed conditions and to its basis 
on theoretical chemical knowledge. 

It is undoubtedly of importance to know the influence inside the cel] 
which may alter the relative proportions of carbonate to phosphate due to 
metabolic activity, which in turn may be influenced by factors not as yet 
fully understood. However, even here it is possible to predict that the 
carbonate content of bone is a function of the ionic activity of carbonate, 
phosphate, and calcium in the matrix of the cells. 


The authors are indebted to Mr. Charles Young and Mr. Walter Muller 
for assistance in the preliminary phases of these experiments. 

It is a pleasure to acknowledge the cooperation of Dr. Warren M. Cox, Jr., 
of Mead Johnson and Company in providing us with the standardized 
vitamin D used. 


SUMMARY 


1. A high CO ;:Ca ratio in bone was found on high calcium-low phos- 
phorus diets, whereas this ratio in bone was lower on low calcium diets con- 
taining either suboptimum or large amounts of phosphorus. 

2. Vitamin D lowered the CO;:Ca ratio of the bones of animals on the 
experimental diets used. 

3. The changes in bone CO;:Ca ratio with our experimental dietary con- 
ditions and in other conditions reported in the literature are related to 
changes in the CO.:P ratio of the serum. The serum CO,:P ratios in 
turn are influenced by the dietary Ca:P ratios and levels, modified by 
vitamin D and other factors. 

4. The implications of these findings on the understanding of the 
mechanism of bone formation are discussed. 
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VI. THE COMPARATIVE STABILITY OF PYRIDOXINE, PYRIDOXAMINE, 
AND PYRIDOXAL ' 


By ELIZABETH CUNNINGHAM anp ESMOND E. SNELL 


(From The University of Texas, Biochemical Institute, and the Clayton Foundation for 
Research, Austin) 


(Received for publication, January 10, 1945) 


In previous papers the effect of heating pyridoxine with amino acids 
(1), ammonia, oxidizing agents (2), and various other substances on its 
activity for various lactic acid bacteria was reported. There was fre- 
quently an increase in growth-promoting activity for these organisms, due 
to formation in small yields of pyridoxal or pyridoxamine by these pro- 
cedures. Because of the high activity of these compounds for these or- 
ganisms relative to that of pyridoxine, such an increase in activity would 
appear even though the greater portion of the total vitamin Bs (pyridoxine, 
pyridoxamine, and pyridoxal) was destroyed by the treatment. In sub- 
sequent papers of this series, behavior of these compounds toward nitrous 
acid (3, 4), cyanides (4), and heating with amino or keto acids (4, 5) was 
described. 

To define further the stability of the Bs vitamins, a study was made of the 
effect of light, acids, alkali, and oxidizing agents on pyridoxine, pyridox- 
amine, and pyridoxal. This was patterned after the recent study of Hoch- 
berg ef al. (6), which dealt only with pyridoxine. The results are given 
below. 


EXPERIMENTAL 


Assays for total vitamin Bs were obtained by a slight modification of the 
yeast growth method of Atkin et al., with Saccharomyces carlsbergensis 
4228 (7), which responds about equally to pyridoxine, pyridoxamine, and 
pyridoxal (8). 

In all cases solutions of these compounds were at a concentration of 30 
per cc. when treated. 

Destruction by Light—Solutions of pyridoxine, pyridoxamine, and pyri- 
doxal were prepared in 0.02 m phosphate buffer at pH 6.8, and exposed to 
light in tightly corked Erlenmeyer flasks. A control sample was removed 
from each flask immediately prior to exposure to be assayed along with the 
light-treated samples. 

The activity of samples following various conditions of exposure is given 
in Table I. All three compounds are rapidly destroyed by light; of the 
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three, pyridoxine is least readily destroyed. Essentially the same results 
were obtained on similar treatment of samples at concentrations of 0.02 y 
of the compound per ce. of solution. Exposure to light of solutions con. 
taining all three compounds gave essentially the assay values which would 
be predicted from knowledge of the behavior of the individual compounds, 

The effect of pH on inactivation by light is shown in Table II. Of the 
three compounds tested, pyridoxamine alone gave evidence of marked in- 
stability in 0.1 N acid solution, although all three substances are slowly de- 


TABLE I 
Destruction of Vitamin Bz by Light 








Per cent inactivation 


Light source a - se 
Pyridoxine Pyridoxamine Pyridoxal 

TITS TR TE SCGT aT 
None oe 0 0 0 0 
Direct sunlight* ™ l 85 95 >99 
v “5 _ 3 97 99 > 99 
Diffuse daylightt l | 29 18 
- = 3 39 70 50 
™ t 6 59 89 76 

Artificial lightt ] 4.5 5.0 3.9 

_ ° 3 15 24 13 
oe a te er 6 26 47 33 


* Exposure was begun at 9.30 a.m. and continued as indicated. 
t Placed near a window in the laboratory (northern exposure). 
t Exposed at a distance of 8 inches from a 200 watt tungsten lamp with reflector. 


stroyed. In neutral and alkaline solution, all three compounds showed 
marked instability. The results with pyridoxine agree with those pre- 
viously reported by Hochberg et al. (6). 

To check the possibility that inactivation resulted from light-induced 
oxidation, solutions were prepared in freshly boiled water, then exposed to 
diffuse light in an atmosphere of methane. Results (Table IIT) show that 
destruction by light occurs in the absence of oxygen. Only with pyridoxal 
did destruction result more rapidly when oxygen was present. 

Stability on Heating with Acid, Alkali, and Oxidizing Agents—Like pyr- 
doxine (6), pyridoxamine and pyridoxal are stable to heating with hydro- 
chlorie and sulfuric acids (Table ITV). Pyridoxine and pyridoxamine are 
not destroyed by heating with strong alkali; pyridoxal shows only slight 
instability under the same conditions. Nitric acid rapidly destroys all 
three compounds, presumably by its oxidative action (6). From the re- 
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sults with nitric acid, it appears that pyridoxal is most stable to oxidation 
and pyridoxamine least stable.’ 

Hochberg et al. (6) reported no destruction of pyridoxine in alkaline solu- 
tion by manganese dioxide. The amine and aldehyde were found to 


Taste IT 
Effect of pH on Desiruction of Vitamin Bs by Light 


Per cent inactivation* 


pH - — ann Raq - 
Pyridoxine Pyridoxamine Pyridoxal 
13.0 >99 >99 >99 
9.0 99 99 99 
6.8 94 96 99 
3.0 39 95 93 
1.0T 30 84 27 





* Exposed 3 hours to diffuse laboratory light and 2 hours to direct sunlight. 

t Exposure to 4 hours of diffuse laboratory light under these conditions resulted 
in less than 10 per cent inactivation of pyridoxine and pyridoxal, but 44 per cent 
inactivation of pyridoxamine. 


TaBLeE III 
Effect of Oxygen on Destruction of Vitamin Be by Light 


Per cent inactivation* 





Exposure - ee: a a ea ct ae eine ate ‘ > 

RR Pyridoxamine Pyridoxal 
Oxygen present. ~ 49 91 76 
absent... . . cell - 56 89 55 


* Unbuffered aqueous solutions of the compounds were exposed to diffuse labora- 
tory light for 7 hours at room temperature. 


exhibit similar stability. In acid solution, however, manganese dioxide 
rapidly destroys all three compounds at room temperature, as does po- 


‘At elevated temperatures, pyridoxamine is inactivated by dissolved oxygen. 
This was shown by the fact that solutions prepared for assay which contained from 
0.0006 to 0.006 y of pyridoxamine per cc. showed 65 to 85 per cent loss in activity when 
steamed at 100° for 10 minutes. Pyridoxine and pyridoxal were undamaged by the 
same treatment. Ifthe solutions of pyridoxamine were prepared in oxygen-free water 
(boiled and cooled), then subjected to the same treatment, no destruction of activity 
wasevident. This effect of dissolved air is serious only when extremely dilute solu- 
tions of pyridoxamine are heated. With solutions containing as much as 1 to 10 y 
per ce., the per cent destroyed by similar treatment is so small as to escape detection, 
although presumably similar absolute amounts are destroyed. 
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tassium permanganate. Under conditions used herein, hydrogen peroxide 
destroys these compounds only at elevated temperatures. Previous reports 
of destruction of pyridoxine by this agent at room temperature were compli- 


TaBLe IV 
Effect of Heating with Acid, Alkali, and Oxidizing Agents on Vitamin By 
Treatment Per cent inactivation 
Reagent Tine [Penge Prt, | Prciie-| Bo 
Ars S. " 
Water 1 100 0 0 0 
“ 0.25 121 0 0 0 
Hydrochloric acid, 5 Nn 1 100 0 0 0 
“ io , 0.25 121 0 0 0 
Sulfuric acid, 5 N. *« 1 100 0 0 0 
Rs 0.5 121 0 0 0 
Sodium hydroxide, 5 N l | 100 0 0 17 
“ “ A“ ..| 0.25 | 121 | 0 oy Le 
Nitric acid, 1 N. l 100 10 60 | 0 
- ~~ l 100 22 87 31 
“ Sy ae l 100 57 >99 62 
Manganese dioxide (basic solution) f l 26 0 0 0 
- (acid) ft : + l | 26 >99§; >99 | >99 
Potassium permanganate] l | 26 99§;| >99 > 
Hydrogen peroxide. | 4 %6 | 0§ 0 0 
“ “ 1 | 


| 121 >99§| >99 >99 
} | 





* The values given are those reported by Hochberg et al. (6) except where other- 
wise indicated. 

t 600 > of the compound in 20 cc. of 0.33 x sodium hydroxide were shaken with 
600 mg. of manganese dioxide. 

t 600 y of the compound in 20 cc. of 0.1 N hydrochloric acid were shaken with 600 
mg. of manganese dioxide. 

§ Data of the authors. 

600 » of the compound in 20 cc. of water plus 0.06 cc. of 4 per cent potassium 
permanganate were allowed to stand 1 hour. The excess permanganate was then 
destroyed with 1 drop of 3 per cent hydrogen peroxide, at room temperature. 

§ 600 y of the compound in 14 cc. of water plus 6 cc. of 3 per cent hydrogen perox- 
ide were treated at time and temperatures indicated. The solutions were then made 
0.1 x with sodium hydroxide and the excess peroxide removed by treatment with 
manganese dioxide. This avoided the destructive effect due to manganese dioxide 


when used in acidic solution. 


cated by use of manganese dioxide (presumably in slightly acid solution) 
for removal of the excess peroxide. 
? When an excess of these reagents is avoided, much pyridoxal is formed from 


pyridoxine and can be detected by assay with Streptococcus faecalis or Lactobacillus 
casei (2, 3). One of the products of further oxidation is 4-pyridoxic acid (3, 9). 
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SUMMARY 
Like pyridoxine, pyridoxamine and pyridoxal are rapidly inactivated by 
Inactivation proceeds most rapidly in neutral or alkaline 
In 0.1 N acid, all three compounds are comparatively stable to 


light; pyridoxamine, however, is destroyed fairly rapidly by exposure to 
direct sunlight even under these conditions. This inactivation by light is 
not dependent upon the presence of oxygen. 


Pyridoxine, pyridoxamine, and pyridoxal are not inactivated by heating 


at 100° with 5 Nn sulfuric or hydrochloric acids. Pyridoxal displays slight 
sensitivity to alkali under these conditions; pyridoxamine and pyridoxal 


donot. All three compounds are rapidly destroyed by oxidizing agents. 
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d(—)-ALANINE AND AN UNIDENTIFIED FACTOR FROM CASEIN 


By ESMOND E. SNELL 
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(Received for publication, January 10, 1945) 


Previous studies with Streptococcus faecalis R (S. lactis R) have shown 
that this organism ordinarily requires vitamin B, for growth (1, 2), but that 
this growth factor is not required if sufficient alanine is added to the medium 
(3). It was postulated that alanine served as a precursor of vitamin B, for 
this organism, and that organisms which were able thus to utilize alanine 
synthesized the remaining portion of the vitamin Bs molecule, and coupled 
it with alanine. Lactobacillus casei, which also requires vitamin B, for 
growth, was unable to dispense with it even in the presence of excess alanine. 
It was later reported (4) that, although the complete growth response of 
L. casei to vitamin Bs, could not be elicited by alanine, some effect was 
evident, since growth in the blank tubes (which contained no added vita- 
min Bs) was significantly higher when dl-alanine was added. This be- 
havior would be explicable if failure of L. casei to utilize alanine in place of 
vitamin Bs were due to its inability to synthesize the remaining portion 
of the vitamin Bs molecule, and if limited amounts of this hypothetical 
second precursor were present in cells of the inoculum. 

To test one phase of this hypothesis required only that various natural 
materials be assayed with Lactobacillus casei for their apparent content of 
vitamin Bg, in the presence and absence of added alanine, When this was 
done, it was found that most materials showed little or no difference. An 
enzymatic digest of vitamin-free casein, however, proved to be over 30 
times as potent when tested in the presence of dl-alanine as it was in the 
absence of this substance. When such a digest was added to the basal 
medium in amounts too small to produce a growth effect alone, dl-alanine 
replaced vitamin Bg for Lactobacillus casei, as it did for Streptococcus faecalis. 
A comparison of the d and / isomers of alanine showed that d(— )-alanine 
was far more effective for both organisms in producing this response than 
was its naturally occurring antipode. On the other hand, when an alanine- 
free medium was supplemented with vitamin Be, /(+)-alanine was more 
active than d(—)-alanine in promoting growth. Some details, of these 
findings are presented below. 
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EXPERIMENTAL 


Testing Procedures—Streplococcus faecalis R and Lactobacillus casej 
were used for the growth tests in accordance with previously described 
techniques (2), modified when necessary as described below. 

Effect of dl-Alanine on Response of Lactobacillus casei to Enzymatic Digest 
of Casein in Vitamin Be-Free Medium—10 gm. of vitamin-free casein (Labeo) 
were suspended in 200 cc. of 0.8 per cent sodium bicarbonate solution. An 
aqueous suspension containing 50 mg. of pancreatin (Armour’s) and 50 


TABLE I 


Effect of dl-Alanine on Response of Lactobacillus casei to Enzymatic Digest of Casein 
in Vitamin By-Free Medium 


Galvanometer readingt 


Addition to basal medium* Amount per 10 cc. ——ae 
N dl-alanine : ee 
mz. 
None...... PES Fag Re | 10 13 
10 12 
Pyridoxine hydrochloride......... 0.0002 31 32 
0.002 63 64 
0.01 90 90 
Enzymatic casein digest........... 0.3 32 
1.0 11 45 
3.0 14 60 
10 21 O4 
30 40 
50 67 


* The basal medium and cultural conditions were those previously given for 
Lactobacillus casei (2). The basal medium contains 0.5 per cent of a casein hydroly- 
sate as source of amino acids, and therefore contains some /(+)-alanine. The incu- 
bation time was 20 hours at 37°. 

t Distilled water reads 0.0; a reading of 100 corresponds to no light transmitted. 





mg. of trypsin (1:110) was added, and the mixture incubated under toluene 
at 37° for 8 days. It was then adjusted to pH 6.0, heated at 100° for 15 
minutes, filtered, and diluted to 500 ce. To remove traces of vitamin Bs 
which might be present, the solution was stirred for 30 minutes with 20 gm. 
of activated charcoal (Darco G-60) and filtered. The effect of this digest 
upon the growth of Lactobacillus casei in a vitamin Be-free medium is shown 
in Table I. The digest is over 30 times as potent in growth-promoting 
action when dl-alanine is added as it is when dl-alanine is absent. 
Pyridoxine shows no such differences in growth-promoting action in the 
absence and presence of dl-alanine. Subsequent experiments showed that 
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this was also true for pyridoxamine and pyridoxal. These data demon- 
strate the presence in enzymatic digests of casein of one or more substances 
which, together with alanine, effectively replace vitamin Bg for growth of 
L. casei.' The active substance (or substances) is rapidly and completely 


TaBLeE II 


Growth Response of Lactobacillus casei to dl-Alanine and Related Substances on Vitamin 
B.-Free Medium* 











Amount added Galvanometer Relative potency 


Addition to basal medium®* per 10 cc. readingt (approximate) 
meg. 
None....... leg oe 20 
Pyridoxine hydrochloride 0.10 92 
dl-Alanine 0.050 45 
0.10 69 
0.15 78 1.0 
0.50 84 
1.0 
l(+)-Alaninef. . 0.10 22 
0.50 24 0.0075 
2.0 27 
4.0 35 
d(—)-Alaninet 0.025 45 
0.050 68 
0.10 79 
0.15 84 2.0 
0.20 84 
Sodium pyruvate... 1.0 20 0.00012 
3.0 23 
10.0 26 


' 





* The basal medium was that described in Table I, supplemented with 10 mg. per 
10 cc. of the charcoal-treated, enzymatic casein digest (see text). 

t As in Table I. 

t The /(+)- and d(—)-alanines were analytically pure samples prepared by resolu- 
tion of dl-alanine and were kindly supplied by Professor Max 8. Dunn. The prep- 
aration and physical constants of these samples have been reported in detail by Dunn 
and coworkers (9). The same preparations were used throughout the investigation. 


destroyed by treatment with strong acids or alkali, is adsorbed by charcoal 
only with great difficulty, and is not destroyed by exposure to direct sun- 


' At comparatively high levels, the casein digest replaces vitamin Bs in the absence 
of dl-alanine. This may be due to the presence of traces of vitamin B, in the digest, 
or an effect of the unknown substance when present in excess. Separate experiments 
have shown that a large number of lactic acid bacteria which otherwise require added 
vitamin B, will grow well in its absence if an enzymatic protein digest is included in 
the medium; in many cases the response is improved by added dl-alanine. 
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light for a period of several hours. In all these respects, it differs markedly 


from pyridoxine, pyridoxamine, or pyridoxal (5). It can be differentiated | 


from the substance present in enzymatic protein digests which promotes early 
growth of L. casei and other lactic acid bacteria in media which contain 
pyridoxine (6-8) on the basis of its distribution. Its nature is being further 
investigated. 


Taste III 


Growth Response of Streptococcus faecalis to dl-Alanine and Related Substances on 
Vitamin B,-Free Medium 








Addition to basal medium® Aesoens died | Cnivegemeter | Ralotive pot 
a. Oe om a _ 
None. . 12 
Pyridoxine hydrochloride 0.10 73 
dl-Alanine 0.10 24 
0.30 35 
1.0 70 .. 
3.0 76 
l(+-)-Alanine 0.50 30 
1.0 46 
3.0 65 — 
10.0 75 
d(—)-Alanine 0.03 18 
pod -” 2.0 
0.30 58 
1.0 77 
Sodium pyruvate 1.0 17 
3.0 22 0.02 
10 26 





*The basal medium and cultural conditions were those previously given for 
Streptococcus faecalis R (2). This medium contains 0.5 per cent of a casein hydroly- 
sate as source of amino acids, and therefore contains some /(+)-alanine, which is 
essential for growth of the test organism ((3), cf. also Table IV). Incubation time, 
16 hours at 30°. 

t As in Table I. 


Comparative Growth Response of Lactobacillus casei and Streptococcus 
faecalis to Optical Isomers of Alanine in Vitamin B,-Free Media—Considera- 
tion of Table I reveals that, under the conditions used, Lactobacillus caset 
grows only slightly in the vitamin B,-free medium supplemented with 10 
mg. of the enzymatic casein digest per 10 cc., but grows very profusely when 
1 mg. of dl-alanine is also added. When the enzymatic digest is added to 
the medium (containing no vitamin Be) at this concentration level, alanine 
becomes the factor limiting growth. The response of Lactobacillus caset 
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to di-alanine and its optically active constituents under these conditions 
is shown in Table II. The surprising fact emerges that d(—)-alanine is 
the substance which promotes growth under these conditions. /(+)- 
Alanine is less than 1 per cent as active as its antipode; pyruvic acid has 
still less activity. With pyruvic acid the full response obtained with d(—)- 
alanine cannot be obtained at any concentration. 

Similar data obtained with Streptococcus faecalis R are presented in 
Table III. The enzymatic digest of casein is unnecessary to secure a re- 


TaBLe IV 
Growth Response of Streptococcus faecalis R to Optical Antipodes of Alanine in Alanine- 
Free Medium Containing Vitamin Bs 








Addition to basal medium* a | Ogee Oem 

me. 

None. . — ; 0 4.0 

dl-Alanine Nee 0.04 18.0 
0.06 43.5 
0.09 55.8 1.0 
0.12 58.0 
0.18 59.0 

l(+)-Alanine ' nisin 0.04 27.5 
0.06 54.0 1.3 
0.09 58.0 

d(—)-Alanine : : , 0.10 22.3 
0.15 24.6 
0.20 40.0 0.33 
0.30 55.0 
0.50 | 59.3 





*The basal medium and technique used were essentially those described by 
McMahan and Snell (11). The medium was modified as follows: additional pyri- 
doxine (25 y per 2.5 cc.) and additional KzHPO, and KH2PO, (6.25 mg. each per 2.5 
ec.) were added to the medium; alanine was omitted. 

t In a series of subsequent assays d(—)-alanine showed potencies of 0.40, 0.36, 
0.42, and 0.30; /(+-)-alanine potencies of 1.20, 1.35, and 1.27 with respect to dl-alanine 
(potency 1.0). Pyruvic acid was inactive. 


sponse to alanine from this organism, and was not added to the medium. 
With this organism, d(—)-alanine is from 6 to 10 times more active than 
(+)-alanine in substituting for vitamin Bs. In contrast to Lactobacillus 
casei, however, this organism is also able to make effective use of l(+)- 
alanine. Pyruvic acid has very slight activity, and does not give the full 
response given by alanine at any concentration. Addition of ammonium 
salts did not increase availability of pyruvic acid for either organism. 
Comparative Growth Response of Streptococcus faecalis R to Optical Isomers 
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of Alanine in Alanine-Free Medium Containing Vitamin Bg—When vitamin 
Bs is present, alanine is not required for the growth of Lactobacillus cagej 
(10). Streptococcus faecalis R, however, requires this amino acid for growth 
in the presence of vitamin Bg (3). The effectiveness of the optical antipodes 
of alanine in permitting such growth was therefore determined. Results 
(Table IV) show that under these conditions /(+ )-alanine is considerably 
more active in promoting growth than is d(—)-alanine. This result would 
be expected, since alanine is presumably required in this case for formation 
of proteins, and only /(+)-alanine is thought to occur naturally in proteins, 


DISCUSSION 


Results cited above are most readily interpreted as indicating that 
d(—)-alanine and one or more substances of unknown nature present in an 
enzymatic digest of casein serve as precursors from which vitamin B,g is 
synthesized by these microorganisms (cf. (3,4)). If this is true, the synthetic 
process must be rather inefficient, since large amounts of d(—)-alanine are 
required compared with the amounts of pyridoxamine or pyridoxal which 
permit growth of these organisms (2). It is possible, of course, that pres- 
ence of these substances permits growth of the organisms, and even syn- 
thesis of vitamin Bs, without their direct involvement as essential 
precursors in the synthesis, but this is considered less likely. However 
one interprets the effect, two points of major interest arise from the in- 
vestigation: (a) the discovery of a substance of unknown nature (pre- 
sumably an amino acid or peptide) in protein digests which is physiologically 
active for some organisms, and establishment of test conditions for detecting 
its presence, and (b) the demonstration that amino acids of d configuration 
may be necessary for processes essential for growth of living organisms. 
Previous investigations such as those dealing with d-amino acid oxidase (12) 
or the natural occurrence of d-amino acids (13-15), including dl-alanine 
(16), in products of microbiological origin have indicated that d-amino 
acids may occur naturally under some conditions; but so far as the author 
is aware, no previous data indicating that such substances may be essential 
for normal metabolic processes have been obtained. 

The fact that only 1 mg. of dl-alanine would produce physiological effects 
of the observed magnitude when added to a basal medium which already 
contains more than this amount of /(+)-alanine is satisfactorily explained 
by the lack of activity of the latter substance. It is interesting that for 
Streptococcus faecalis, pyruvic acid does not replace either d(—)- or l(+)- 
alanine in their respective functions, although the optical antipodes are 
utilized with low efficiency. If only /(+)-alanine serves for protein syn- 
thesis, and if only d(—)-alanine serves for replacing vitamin Beg (as is indi- 
cated by the specificity of its requirement by Lactobacillus casei), then 
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pyruvic acid must not appear as an intermediate in the interconversion of 


these two substances. 
SUMMARY 


An enzymatic digest of vitamin-free casein contains a substance which, 
together with dl-alanine, permits growth of Lactobacillus casei in the absence 
of vitamin Bs. In contrast to vitamin Be, this substance is destroyed by 
acid or alkaline hydrolysis, is not destroyed by light, and is not readily 
adsorbed from aqueous solutions by charcoal. 

When optimal levels of this substance are added to the vitamin Be-free 
medium, the growth response of Lactobacillus casei to alanine can be de- 
termined. It was found that under these circumstances d(—)-alanine pro- 
motes growth, while /(+ )-alanine is almost inactive. 

For Streptococcus faecalis R, alanine alone replaces vitamin Bs. Although 
l(+)-alanine has some activity in this respect, it is less than one-sixth as 
active as d(—)-alanine. If the growth response of the same organism to 
the optical antipodes of alanine is determined in an alanine-free medium 
which contains vitamin Bg, it is found that /(+)-alanine is most active, 
while d(—)-alanine has considerably less activity. It thus appears that 
both optical forms of alanine are required for growth of these organisms in 
the absence of vitamin Bes, each serving different functions within the 
organism. 

A short discussion of these results is included. 
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ON THE CONDENSATION OF ACETYL PHOSPHATE WITH 
FORMATE OR CARBON DIOXIDE IN 
BACTERIAL EXTRACTS* 


By FRITZ LIPMANN anv L. CONSTANCE TUTTLE 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, Boston) 
(Received for publication, December 18, 1944) 


A conversion of the acetyl part of pyruvate to acetyl phosphate first 
became apparent in pyruvate dehydrogenation with an enzyme from a 
Lactobacillus delbrueckii (1, 2). Recently a more general application of 
this scheme of pyruvate degradation was observed by Koepsell, Johnson, 
and Meek (3) and by Utter and Werkman (4). The newly described re- 
actions are straight cleavages of a pyruvate-phosphate addition product to 
acetyl phosphate plus either hydrogen and carbon dioxide or formate. 
The relationship between the three types of pyruvate degradation known 
to yield acetyl phosphate appears in the following equations. 

CH;-CO-OPO; + CO, + HX 
+X 7 
CH;-CO-COOH + H:OPO; +*CH;-CO-OPO; + CO, + H, 
Y : Il 
CH;-CO-OPO; + HCOOH 

In the above reactions cleavage is coupled with condensation and, from 
thermodynamic considerations (cf. (5)), it appeared likely that in spite of a 
fission between the 2 carbon atoms this type of reaction represented a re- 
versible shift of energy rather than an energy loss to the environment. 

For an experimental approach to the problem of reversibility the two 
more recently discovered reactions, occurring in Clostridium butylicum (3) 
and Escherichia coli (4) respectively, were especially promising.' There 
we encounter the simplest type of phosphoroclastic reaction, the one which 
is essentially the result of intramolecular rearrangement and does not re- 
quire an external impulse. The dehydrogenation of pyruvate in Lacto- 
bacillus delbrueckii, on the other hand, is constructed in such a manner that 


* This work was supported by a grant from the Commonwealth Fund. 

' Although Clostridium butylicum and Escherichia coli both catalyze the reaction 
pyruvate = acetyl phosphate, hydrogen, and carbon dioxide, the enzymatic 
mechanism in the two organisms is not identical. Koepsell and Johnson reported 
that Clostridium extracts, which catalyze the over-all reaction, do not react with 
formate. In contrast, with appropriately grown Escherichia coli, the reaction occurs 
in two distinct stages, (1) pyruvate = acetyl phosphate, formate; (2) formate = 
hydrogen, carbon dioxide. 
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only in the presence of a hydrogen acceptor is the phosphoroclastic split of 
pyruvate allowed to proceed (6). There a reversal can be expected only 
in the presence of a suitable hydrogen donator, which as an additional 
component brings the system into a higher order of reaction. 

Of these phosphoroclastic pyruvate degradations, moreover, the split 
to acetyl phosphate and formate in Escherichia coli (4) is the simpler one, 
Assuming the still somewhat problematical pyruvate-phosphate addition 
product to be a single component, this reaction may be considered in faet 
as a monomolecular reaction. It is with this reaction also that the most 
complete evidence of reversibility has been obtained so far. 

In the present communication are reported experiments with prepara- 
tions of Clostridium butylicum and Escherichia coli which pertain to the 
reversibility of the phosphoroclastic reaction. A preliminary report on 
part of this work appeared earlier in this Journal (5). 


Methods and Enzyme Material 


Manometric measurements were carried out in the usual manner with 
manometers and vessels of the Warburg type. 

Phosphate was determined according to Fiske and Subbarow (7), and 
acetyl phosphate as described in an earlier publication (8). In the experi- 
ments with radioactive phosphate we used, for a separation of inorganic 
and acetyl phosphate fractions, the method previously described (8) under 
the heading, “Direct determination of acetyl-bound phosphate.” The 
‘alcium phosphate fractions thus obtained were dissolved in hydrochloric 
acid, made up to volume, and aliquots were used for phosphate and radio- 
activity assays. 

Radioactivity Determination—Radioactive phosphorus was kindly sup- 
plied to us by Professor Irvine of the Massachusetts Institute of Technology 
in the form of inorganic phosphate. The samples were measured into 
porcelain disks and dried slowly and evenly on electric hot-plates. Under 
standardized conditions the rate of discharge of a quartz fiber electroscope 
(model 1, Lauritsen electroscope, made by the Fred C. Henson Company, 
Pasadena, California) was measured as described by Cohn and Green- 
berg (9).? 

Keto acid was determined by the micromethod of Lu (10) as modified 
recently by Friedemann and Haugen (11). The phenylhydrazone was 
extracted with benzene, the use of which, according to Friedemann and 
Haugen, makes the procedure rather specific for pyruvate. 

Enzyme Preparations—Extracts of Escherichia coli were prepared by the 
glass powder procedure of Wiggert et al. (12). A sample of the organism 
used by Utter and Werkman in their work on pyruvate metabolism (4) 





2 We are indebted to Dr. Waldo Cohn and Dr. Austin Brues for most valuable help 
with the estimation of radioactivity. 
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was kindly supplied to us by Professor C. H. Werkman. The culture fluid 
was composed as follows: 0.4 per cent beef extract, 0.4 per cent peptone, 
0.2 per cent yeast extract, and 0.2 per cent NaCl in 10 per cent tap water. 
The pH came to about 8. A few crystals of n-octadecyl alcohol were 
added to prevent foaming. In order to prevent formation of the undesir- 
able formate-splitting enzyme, the medium was vigorously aerated during 
incubation (Stephenson (13), Woods (14)). After a growth period of 24 
hours at 28-30° we centrifuged the bacteria in a cream separator. Fre- 
quently the paste was frozen overnight before the extract was made. The 
extracts were kept frozen for several days, generally without change of 
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Fig. 1. Induction period with pyruvate breakdown in Escherichia coli extract. 
0.5 ml. of extract in 0.63 ml. of 0.04 m sodium bicarbonate and 0.016 m phosphate solu- 
tion. At zero time, 0.05 ml. of molar pyruvate solution was dipped from the annex of 
the Warburg vessel. Nitrogen-10 per cent carbon dioxide in the gas phase; tem- 
perature 30.5°. Upper curve, 0.2 ml. of boiled rat liver (1:1) added. 

Fic. 2. Inhibition of pyruvate decomposition by hydrogen in extract of Clos- 
tridium butylicum. The main compartment of the vessel contained 25 mg. of enzyme, 
200 micromoles of pyruvate, and 60 micromoles of KH,PO, in 1.1 ml. of fluid. Nitro- 
gen or hydrogen in the gas phase; temperature 37°. The average inhibition through 
hydrogen amounts to 42 per cent 


activity. Activity was tested manometrically by measuring in bicarbonate 
solution at 37° the acid formation due to pyruvate decomposition. 1 ml. 
of extract produced from 300 to 1000 microliters of acid per hour (corrected 
for carbon dioxide retention). 

Some of the extracts, in particular those repeatedly frozen, reached the 
final rate of pyruvate decomposition only after prolonged incubation. This 
induction phenomenon is shown in Fig. 1. It indicates that an essential 
part of the enzyme system is activated autocatalytically. Addition of 
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boiled rat liver, but not of cocarboxylase alone, abolished the induction 
period without affecting the final rate (cf. Fig. 1). The liver extract con- 
tained various metabolites, especially appreciable amounts of carbohydrate, 
Therefore, its addition in reversibility experiments, although desirable, 
appeared impracticable. 

The enzyme preparation from Clostridium butylicum was a sample of 
lyophilized extract (15) prepared by Dr. Koepsell and Dr. Johnson and 
generously supplied to us. 


Inhibition of Phosphoroclastic Split of Pyruvate by Hydrogen 


In the course of a study on the action of carbon monoxide in butyric acid 
fermentation, Kubowitz observed (16) that hydrogen inhibited the gas 
formation from glucose by Clostridium butylicum. It seemed desirable 
now to test the effect of hydrogen on the isolated phosphoroclastic system 
of Koepsell and Johnson (15). 

The experiment of Fig. 2 shows that hydrogen of atmospheric pressure 
causes a 40 per cent inhibition of carbon dioxide-hydrogen formation from 
pyruvate. In a similar experiment acetyl phosphate was determined. In 
105 minutes, 12.6 and 8.5 micromoles had been accumulated in nitrogen 
and hydrogen respectively. The results show that the rate of enzymatic 
decomposition of pyruvate to acetyl phosphate, hydrogen, and carbon 
dioxide is slowed down considerably by hydrogen, one of the products of 


the reaction. 
Exchange of Inorganic and Acetyl-Bound Phosphate 
Reversibility of a reaction of the phosphoroclastic type’ 
CH,;CO-COOH + HO-PO; = CH;COO ~ PO; + (H: + CO.) or HCOOH (1) 


involves a continuous shift between inorganic and acetyl phosphate. 
Since methods for the separation of acetyl and inorganic phosphate (8) 
are available, such phosphate exchange can be explored with the help of 
radioactive phosphate. 

The general procedure of these experiments was to bring the enzyme with 
all additions, except acetyl phosphate, into the main part of a Warburg 
vessel and into the annex a mixture of acetyl and radioactive inorganic 
phosphate. The vessel was then filled with the desired gas mixture, 
brought to temperature equilibrium, and the experiment was started by dip- 
ping the contents of the annex into the main part of the vessel. The 
experiment was terminated by addition of trichloroacetic acid to the cooled 
vessel. 

* The sign ~ is used to distinguish the energy-rich phosphate bond with an average 
bond energy of 12 kilocalories from the ordinary ester bond with around 3 kilo- 
calories (17). 
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In preliminary experiments, it was found that under our conditions the 
sum of inorganic and acetyl phosphate remained constant, inside the limits 
of experimental error. Moreover, all radioactivity added as inorganic 
phosphate was at the end recovered in the two fractions of inorganic and 
acetyl phosphate. Under such conditions, the degree of turnover may be 
estimated as exchange percentage from chemical (P"™-) and radioactivity 
(P*) determinations on the acetyl phosphate (pche™. P*) and inorganic 


TABLE I 

Exchange of Radioactive P in Extracts of Clostridium butylicum 
Experiment 1, 0.3 ml. of 10 per cent enzyme solution in 0.8 ml. of water, 37°; Ex- 
periment 2, 0.4 ml. of 10 per cent enzyme solution in 0.9 ml. of water, 37°; plus addi- 
tions as indicated in the table. 


Gas phase . ° 


as oa has Ge per /s P; ‘. — Exchange 
min -- -¢” — per cent per cent per cent 
l 3 Hs 31.5 | 114.5 21.5 64+ 34 
Ne 30.5 113 21 62 34 
10 H, 36 121 23 57 40 
Ne 33 115 22 59 37 
2 0 9 510 2 i (5)t 
28 H, 133 410 25 24§ 104 
N, 130 400 24 31 77 
po 135 410 25 32 78 


t Pebem- + pchem is 1.49 mg. of P. 
t This is not real exchange, but due to experimental error in our method of frac- 
tionation. 

§ —. + pr is 1.10 mg. of P. 


(Ps**™ P*) phosphate fractions respectively. Then the degree of ex- 
change is expressed by the following relation. 


* 
> 
Fos 
+ * 
> > 
o7 Fes +1 i . - 
Exchange % = — pehem. xX 100 (2) 
ac 
ychem. | chem. 
I ac + Pt 


In Tables I, II, and III the results of these experiments are brought to- 
gether. It appears that with both bacterial extracts, which respectively 
catalyze the two reactions summarized in equation (1), exchange occurs 
between acetyl and inorganic phosphate. Equilibrium between organic 
and inorganic phosphate was reached after 3 to 1 hour of incubation. 

It is remarkable that the rate of exchange in both cases is influenced none 
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or little by the addition of reactants other than acetyl phosphate; €.9., 
hydrogen, carbon dioxide, or formate (cf. equation (1)). With Clostridium 
extract almost no acceleration was found with hydrogen in the gas phage 
(Table 1). With extracts of Escherichia coli, correspondingly, formate had 


no or little effect on the rate of phosphate exchange (Table III). Deter. 
TaBe II 

Exchange with Different Concentrations of Clostridium butylicum Extract 

5 per cent dry preparation Exchange* Remarks 
mi. per cent 7 
0.05 3.5 10 min. incubation, 37°; 
0.15 12.5 nitrogen in gas phase 
0.4 42.5 


* Corrected for the blank. For further detail see Table I. 


Taste III 
Phosphate Exchange with Extracts of Escherichia coli 
0.5 ml. of bacterial extract was used per experiment in 1.25 ml. of 0.04 m fluoride, 
0.04 m sodium bicarbonate, and additions as indicated in the table. Temperature 
30.5°. Nitrogen-5 per cent carbon dioxide in the gas phase. Formate, when added, 
0.04 m final concentration. 


—— Time Formate correc id for = Mos Exchange 
the blank) 
min. — per cent per cent per cent 
] 5 - 11 62.5 2.7 4.3 
+ 17 61 4.1 6.7 
20 — 55 49 13.4 27.3 
+ 66 49 16 32.6 
2 20 _ 61 48.5 15.6 33 
+ 57 53.6 15 27 
40 _ 78 38.4 20.5 53.3 
+ 94 42 24.7 59 


— +  — 1.28 and 1.38 mg. of P for Experiments 1 and 2 respectively; 


aa + p* 410 and 380 millimicrocuries for Experiments 1 and 2. 
mination of formate by the mercurous chloride method indicated, however, 
the presence of 5.4 micromoles of formate per ml. of Escherichia coli extract. 

The extracts used in these experiments contained, of course, a great 
variety of enzyme systems besides the one under investigation. Besides 
the pathway indicated by the reversible phosphoroclastic reaction, there- 
fore, the possibility of other routes of exchange has to be considered. It 
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has been shown previously with Clostridium extracts that a reversible 
phosphoryl transfer occurs between acetyl (ac ~ ph) and adenyl poly- 
phosphate (ad ~ (ph).). On the other hand Meyerhof et al. (18) demon- 
strated in muscle extract a rapid exchange between inorganic and adeny] 
polyphosphate due to the coupling with lactic acid fermentation. There- 
fore a coupling of the reactions indicated in equations (3, a) and (3, b) 
comes into consideration as an alternative course of exchange. 


fermentation 
| 
ad-H + inorganic phosphate = ad ~ ph + Ht (3, a) 
ad ~ ph + ac-H = ac ~ ph + ad-H (3, b) 


An important difference between exchange through condensation (equa- 
tion (1)) and through a coupjing sequence is that the latter involves the 
phosphorylation of free acetic acid (equation (3,6)). If this were the 
main cause of the exchange observed here between inorganic and acetyl 
phosphate, an equally fast exchange between free and phosphorylated 
acetic acid should be expected. Utter, Lipmann, and Werkman (19) have 
with equivalent extracts of Escherichia coli determined the exchange be- 
tween acetic acid containing heavy carbon and pyruvic acid which is 
expected to occur through the sequence of reactions (3, b) and (1). They 
find a significant entrance of acetic acid into pyruvic acid only with addition 
of excess adenyl pyrophosphate. Even then they found this exchange to 
be about 20 times slower than exchange between formic and pyruvic acids. 
Complete equilibrium between heavy carbon formate and pyruvate was 
generally reached in about 50 minutes. The highest value for the incor- 
poration of acetate into pyruvate, however, was 0.22 out of 3.6 atom per 
cent excess C™ in 75 minutes. 

It appears then that the fast formate-pyruvate equilibration, certainly 
due to reaction (1), is of a velocity comparable to that of the phosphate- 
acetyl phosphate exchange and that the acetate exchange, expected to be 
due to a combination of reaction (3, b) with reaction (1), is a much slower 
process and dependent on the presence of an excess of adenyl pyro- 
phosphate. 

This makes a coupling of the type represented in equations (3, a) and 
(3, b) unlikely as a cause of our fast turnover. The combined results lead 
us to the conclusion that the phosphate exchange is caused predominantly 
by reaction (1), in which free acetic acid does not enter into the equilibrium. 
A reversible condensation of acetyl phosphate with compounds other than 
formate, or hydrogen plus carbon dioxide, however, may merit considera- 
tion as a contributing factor. 
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Condensation of Acetyl Phosphate and Formate to Pyruvate 


During the experiments with Clostridium extracts it had been observed 
that just detectable amounts of a bisulfite-binding substance were formed 
on addition of acetyl phosphate. At that time the carbonyl formation 
was not followed more closely. The publication of the experiments of 
Kalnitsky and Werkman (20) and of Utter and Werkman (4) on the mecha- 
nism of pyruvate decomposition in extracts of Escherichia coli, however. 
as pointed out in the introduction, gave promise that in this system there 
could be found the most favorable conditions for a carboxylation of acetyl 
phosphate to pyruvate. 

The experimental conditions were analogous to those in the experiments 
on phosphate exchange. Warburg vessels were used and in the main part 
were put the extract and stable additions, while the acetyl phosphate came 
into the annex. The gas phase contained nitrogen with 5 per cent carbon 
dioxide, and after equilibration to 37° the emperiment was started by dip- 
ping. In all experiments bicarbonate was added in amounts slightly 
exceeding that of acetyl phosphate. This was necessary to buffer the 
acid formed by acetyl phosphate decomposition. Although fluoride was 
added to counteract this, mostly enzymatic, breakdown, a considerable 
decrease in acetyl phosphate concentration always took place in the course 
of such experiments (cf. Table IV). It was, therefore, advantageous to 
follow the decomposition manometrically, as the bicarbonate decomposition 
allowed an approximate estimation of the amounts of acetyl phosphate left 
at various stages of the experiment. The values given in Table IV, how- 
ever, for acetyl phosphate were determined by the more accurate chemical 
method. 

The unavoidable change of acetyl phosphate concentration made it im- 
possible to obtain a stable equilibrium in these extracts. Corresponding 
to the continual decrease in acetyl phosphate concentration, the keto acid 
concentration, built up initially to a maximum, fell later, parallel with 
the more or less complete disappearance of acetyl phosphate (Table I, 
Experiment 1). A further proof that we were dealing here with a true 
equilibrium was given by experiments in which excess pyruvate was added 
at the beginning. Here, in the presence of acetyl phosphate and formate, 
pyruvate concentration fell to the equilibrium level indicated in Experi- 
ment 1 and remained constant for a time, while without acetyl phosphate 
pyruvate disappeared rapidly and practically completely during the same 
time interval. The approach to the equilibrium concentration of pyruvate 
from both sides is graphically reproduced in Fig. 3. 

In some of the extract samples, pyruvate appeared more sluggishly and 
did not reach the levels obtained in the experiments recorded in Table IV. 
Generally, in such extracts, when tried with pyruvate, the induction phe- 
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nomenon mentioned earlier was observed. Such variations in activity, 
therefore, may be explained through initial incompleteness of the enzyme 
system which is indicated by induction. 

In the last column of Table IV values for the equilibrium constant (to- 
ward condensation) are calculated; they average for k roughly 0.01. From 
this constant AF» is calculated (21) to be about +2.8 kilocalories. The 
values are, of course, only rough approximations. Our conditions were 


TaBLeE IV 
Reversibility of Phosphoroclastic Reaction with Escherichia coli Extract 
0.5 ml. of enzyme extract in 1 ml. of 0.05 m sodium fluoride and 0.05 m sodium 
bicarbonate plus additions as indicated in the table. Temperature 30.5°. Nitrogen- 
5 per cent carbon dioxide in the gas phase. 
The results are expressed in micromoles per ml. 





__ Phosphate X pyruvate 





sO Time en FM Phosphate Pyruvate Formate X acetyl phosphate 
k 
min | 
l 0 150 50 10 0.03 
25 150 38 20 0.17 0.006 
60 150 24 34 0.14 0.013 
150 150 2 56 0.07 0.10 
60 24 34 0.03 
150 150 10 0.04 
2 0 150 50 10 0.31* 
10 150 43 17 0.22 0.006 
20 150 38 20 0.20 0.007 
40 150 31 27 I Cm 0.011 
3 0 150 50 10 0.31* 
30 150 33 25 0.18 0.009 
30 150 10 0.10 
30 . 33 25 | 0.10 
30 0.05 





* 0.27 micromole of pyruvate added at zero time. 


rather unfavorable for the fixation of a final state of equilibrium. The true 
constant may be expected somewhat higher and AF» correspondingly lower 
than the given values. 

Attempts were made to drive the reaction toward the pyruvate side, 
either through carbonyl fixation or through pyruvate reduction. Both 
methods proved inapplicable in the present case. Cyanide, the most 
powerful fixing reagent (22), inhibits the enzyme reaction according to 
Kalnitsky and Werkman (23). Hydroxylamine, semicarbazide, and similar 
compounds were found to react rapidly with acetyl phosphate, replacing 
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the acyl-bound phosphate. Reduction of pyruvate was tried through addi- 
tion of hexose diphosphate or hydrogen gas, but with our extracts only 
slight reduction to lactate was observed even with high concentration of 
pyruvate. 
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Fic. 3. The graphic reproduction of Experiments 1 and 2 of Table IV illustrates 
the approach to equilibrium from both sides of the equilibrjum level. 


Commen ts 


Animal Tissues—Carbon dioxide fixation in the carboxyl group of lactic 
acid has been described by Wood et al. (24) in pigeon liver. In their dis- 
cussion of this reaction the question was left open whether it was due to 
C; + C; or Cz + C, condensation or to both. Reductive carboxylation 
through metabolite hydrogen would offer a mechanism for C. + C; con- 
densation. The viability of such a reaction in animal tissues, however, 
remains to be proved. If true, this reaction would, of course, have to be 
considered as a pathway for the carbon dioxide fixation in glycogen as 
described by Vennesland et al. (25). Theoretically, furthermore, a rather 
remote possibility exists that carbon dioxide fixation in a-ketoglutarate 
(26) may occur by reductive carboxylation of succinyl phosphate. 
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Photosynthesis— After identification of acetyl phosphate as a degradation 
product of pyruvic acid the possibility was mentioned (17) that a hydro- 


genative carboxylation may be a key reaction in photosynthesis. Our 


early suggestion was more recently elaborated by Ruben (27) in a dis- 
cussion of the probable relation between photosynthesis and phosphoryla- 
tion (cf. also (28)). The finding of Ruben and his group (29) that the pri- 
mary reaction in photochemosynthesis is the formation of a carboxylic 
acid lent renewed emphasis to a carboxylation scheme, an obstacle for the 
development of which was then, however, still the apparent irreversibility 
of a-keto acid decarboxylation. With the present demonstration of hydro- 
genative carboxylation of acetyl phosphate the biological possibility of such 
a reaction is shown, and the way is opened for a serious discussion of the 
part reactions of this type are likely to take in photochemosynthesis. 

The recent development in photosynthesis (van Niel (30), Gaffron (31)) 
showed with increasing clarity that the light-promoted synthesis of carbo- 
hydrate from carbon dioxide and water may be separated into two largely 
independent sequences of reactions: the light reaction and the chemo- 
synthesis. The light reaction proper emerged as a photolysis of water 
which feeds hydrogen into the chemosynthesis system. If, therefure, an 
abundant availability of photolytic hydrogen is taken for granted, the 
light process can be left out of consideration in this first approximation to a 
mechanism of chemosynthesis.‘ 

As shown in the experimental part, at equilibrium a relatively small 
part of acetyl phosphate only is condensed with hydrogen and carbon 
dioxide, or with the energetically equivalent formate, to form pyruvic acid. 
However, a coupling of this reaction with the highly exergonic hydrogena- 
tion of the keto acid to hydroxy acid (AF»; —11.4 kilocalories (32)) should 
drive the condensation easily to completion. As an example for the occur- 
rence of this coupling the earlier findings of Slade et al. (33) may be cited 
here. They found in Clostridia and Streptococcus paracitrovorus a fixation 
of carbon dioxide in the carboxy] group of lactic acid which could not be ex- 
plained by the Wood and Werkman reaction. From recent findings this 
carbon dioxide fixation is now explained as due to condensation of acetyl 
phosphate, carbon dioxide, and hydrogen, coupled with reduction of pyruvic 
to lactic acid. 

This sequence of reactions from carboxylic to the next higher hydroxy 


*Photolytic production and the utilization of hydrogen for chemosynthesis, ap- 
parently, are intimately connected with each other. In Gaffron’s experiments with 
hydrogen-adapted organisms (31) in the dark, carbon dioxide reduction, although ap- 
preciable, was only a relatively small fraction of the reduction with optimum 
illumination. It should be mentioned here that in our abbreviated formulation we 
neglected the fact that the primary split of water is expected to occur between 
hydrogen and hydroxy] (cf. (31)). 
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acid is summarized in Table V. The energy data show that the over-al] fur 
reaction is exergonic by a large margin. Essentially this sequence repre- wh 
sents reduction of carbon dioxide to the carbohydrate level. pel 
ove 
TABLE \ utt 
Thermodynamic Data for Partial Reactions of Reductive Carbozrylation sid 
Reaction AF Organism Reference : 
— in 
RiLo- _ 
catories | dio 
CH,;COO- + ad ~ PO; = CH;COO ~ PO;" + ad- +3.0) Clostri- Lipmann col 
di um (2) ph: 
H, + H¢ is, = HCOO- T H,O —0.2 Escheri- Woods 12 
chia (14) = 
coli res 
CH,COO ~ PO," + HCOO- = +2.8) Escheri- | This |; uo 
CH,CO-COO- + HO-PO;" chia | paper sin 
col i bee 
CH,CO-COO- + H, = CH,;CHOH-COO —11.4| Gono- | Barron nex 
coccus | and 
| Hast- SOU 
ings OX) 
(32) 
Over-all: CHs;sCOO- + 2 Hz, + CO2 + ad ~ PO;"-= —5.8) E 
CH,CHOH-COO- + adH + HO-PO;7 
; 
Taste VI hy¢ 
Scheme of Photosynthesis by Alternating Phosphorylation and Photoreduction req 
R-COOH + ad ~ PO;- ————— R-CO-OPO;* + ad-H lo 
R-COOPO;- + CO: + H:ijO + R-CO-COOH + HO-PO,- + 2 : 
- 0 
R-CO-COOH + #£=4H0——— R-CHOH-COOH + _ ace 
y | 
R-CHOH-COOH + ad ~ PO,-——> R-CHOH-CO-OPO," + ad-H call 
R-CHOH-COOPO,- + CO; + HyjO > R-CHOH-CO-COOH + HO-PO,- +2 ‘Koa 
R-CHOH-CO-COOH + #£=Hii0 — R-CHOH-CHOH-COOH + = 
. Bk 
R-CHOH-CHOH-COOH + ad ~ PO,“ —... ® car 
gen 
In generalization of such a sequence, a continuity of alternating reactions 2 
is formulated in Table VI, whereby long chains of (CHOH), may be built ace’ 
up.’ Phosphorylation of the carboxyl group, reductive carboxylation, and and 
ge ; | — tion 
* This sequence is essentially a reversal of the carbohydrate degradation by way of th 
phosphogluconic acid through alternating dehydrogenation and decarboxylation de- | 4 e 
i en. 


scribed by Lipmann (34), Warburg and Christian (35), and Dickens (36). 
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further hydrogenation to hydroxy acid are aggregated into a reaction group 
which may be repeated indefinitely. The functioning of the scheme de- 
pends on a continuous supply of phosphate bond energy. The fraction of 
over-all energy which is diverted into phosphate bonds is small but of 
utmost importance as initiation energy. It must be provided through a 
side reaction by use of photolytically formed hydrogen. 

Significant in this connection seems the observation of Gaffron (37) that 
in Scenedesmus algae the oxyhydrogen reaction may couple with carbon 
dioxide fixation. In terms of the phosphorylation-reduction scheme this 
coupling suggests the oxyhydrogen reaction as a source of energy-rich phos- 
phate bonds. One energy-rich bond being the equivalent of an average of 
12 kilocalories, the oxyhydrogen reaction with its 57 kilocalories can theo- 
retically furnish maximally four to five such bonds. In practice, the oxida- 
tion of a pair of metabolite hydrogens to water was found to yield from a 
similar total of calories an average of three phosphate bonds (38). It has 
been pointed out elsewhere (39) that such multiple bond generation is 
necessarily a catalytic process which is largely independent of the metabolic 
source of the hydrogen. The process of electron transfer, from hydrogen to 
oxygen, is the metabolic ‘‘wheel”’ which generates the bonds catalytically: 

H, + 24 3HO-PO,” + 3ad-H —“*Y58, Ho + 3ad ~ PO.” + 3H.0 

In this manner for every 3 moles of carbon dioxide reduced to the carbo- 
hydrate level by 6 moles of hydrogen, 1 extra mole of hydrogen would be 
required to supply three energy-rich phosphate bonds. For this purpose, 
| out of 7 moles of photolytic hydrogen may be reoxidized to water. 

Finally in the complete process, of course, (CHOH), units have to be cut 
off continuously from the (CHOH),COOH chain. This part could be 
accomplished by a reaction of the zymohexase type. 

It was attempted here, and appears possible now, to devise an energeti- 
cally satisfactory blue-print for the photosynthesis process by a combina- 
tion of known enzymatic reactions. 


SUMMARY 


1. The decomposition of pyruvate to acetyl phosphate, hydrogen, and 
carbon dioxide with extracts of Clostridium butylicum is inhibited by hydro- 
gen gas. 

2. By use of radioactive phosphate, the exchange between inorganic and 
acetyl-bound phosphate is studied with extracts of Clostridium butylicum 
and of Escherichia coli. Rapid turnover between the two phosphate frac- 
tions was found with both extracts. This exchange is considered due to 
the alternating liberation and fixation of phosphate in a reversible con- 
densation, acetyl phosphate — keto acid, phosphate. 
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3. Formation of a-keto acid in just determinable amounts was found with 
extracts of Escherichia coli on combined addition of acetyl phosphate and 
formate. From our data an equilibrium constant k of approximately 0.0] 
obtains for the condensation, acetyl phosphate-formate = pyruvate. 
phosphate. 

4. The significance of these reactions as partial reactions in processes 
of biological carbon dioxide fixation is discussed. 
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REVERSIBILITY OF THE PHOSPHOROCLASTIC SPLIT OF 
PYRUVATE* 
By M. F. UTTER, FRITZ LIPMANN, anv C. H. WERKMAN 


(From the Bacteriology Section, Iowa Agricultural Experiment Station, Ames, and the 
Biochemical Research Laboratory,t Massachusetts General Hospital, Boston) 


(Received for publication, December 18, 1944) 


This communication is a further study of the reversibility of the phos- 
phoroclastic reaction in Escherichia coli. Previous reports (8, 17) have 
already indicated the reversibility of this reaction. 

The fixation of carbon dioxide by its combination with a C; com- 
pound, presumably pyruvic acid or a closely related substance, has been 
well established by Werkman and Wood (18). However, previous at- 
tempts to demonstrate the existence of a C. + C, reaction have failed. 
Krampitz et al. (3) reported that the oxidative decarboxylation of pyruvic 
acid by a preparation of Micrococcus lysodeikticus was apparently irre- 
versible. Evans (1) obtained similar negative results with yeast 
carboxylase. 

Recent experiments (8, 17), however, have disclosed that a well known 
bacterial reaction, the hydroclastic, in fact being a phosphoroclastic split 
of pyruvic acid, is reversible (Reaction 1). The reversal of this reaction 
constitutes a C2 + C, addition. Although the C; compound is formic acid 
rather than carbon dioxide, the formic acid is in equilibrium with carbon 
dioxide and hydrogen in cells of Escherichia coli, and thus a carbon dioxide 
fixation is involved. 

CH;COCOOH + H;PO,=— CH;COOPO,;H, + HCOOH (1) 


This reaction has previously been shown to take place by the addition 
of phosphate (16). Lipmann and Tuttle (8) show that the energy relation- 
ships of these compounds are such that the reaction should be readily 
reversible. 

EXPERIMENTAL 

Escherichia coli (E26) was grown in large quantities in a medium con- 
taining 1 per cent glucose, 0.4 per cent yeast extract, 0.8 per cent dipotas- 
sium phosphate, and 10 per cent tap water. The cells were harvested after 
16 to 22 hours incubation by a Sharples centrifuge. In most cases the 
wet mass of cells was mixed with 2 parts of ground glass and ground by a 

* Journal Paper No. J-1243 of the Iowa Agricultural Experiment Station, Project 
No. 862. 

t Supported by a grant from the Commonwealth Fund. 
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method used in this laboratory. The bacterial extracts were frozen and 
used in all cases within 3 or 4 days. 

The experiments were conducted in manometric flasks of 125 ml. capae- 
ity with a total volume of reaction mixture of 15 to 30 ml. at 30.4°. 

CO, was added as NaHC™Q; to the main cup or side arm of the manome- 
ter flask. After the flask was filled with nitrogen or hydrogen and equi- 
librated, a mixture of carbon dioxide and nitrogen was obtained by tipping 
in a slightly acid phosphate buffer. 

The HC*"OOH used in these experiments was obtained by incubating a 
suspension of Escherichia coli with normal formic acid in an atmosphere of 
hydrogen and C™O,. After 90 to 150 minutes, depending on the concen- 
trations of substrate used, the C“O, and HC™"OOH were in equilibrium. 
The cells were removed by centrifugation ; the mixture was acidified, aerated 
to remove carbon dioxide, and the HC“OOH recovered by steam distilla- 
tion. The distillate was then neutralized and reduced to a small volume, 

The CH;C"OOH used in some of the experiments was taken from a 
sample synthesized by Wood, Brown, and Werkman (19) from CO, by 
means of the Grignard reaction. 

Sodium pyruvate was prepared by neutralizing a solution of vacuum- 
distilled, commercial pyruvic acid. 

Pyruvic acid was determined by the salicylaldehyde method of Straub 
(15) or the ceric sulfate manometric method of Krebs and Johnson (5). 

Methods of separation of the various compounds and their conversion 
to carbon dioxide will be described in connection with the individual ex- 
periments. 

Adenyl pyrophosphate was prepared according to Needham (10). 


Fixation of HC"OOH in Carboxyl Group of Pyruvic Acid 
Although suspensions of Escherichia coli contain hydrogenlyase which 
catalyzes the reversible reaction between carbon dioxide and formic acids 
(20) (Reaction 2), 

HCOOH = H: + CO, (2) 
cell-free extracts prepared in the foregoing manner do not carry out this 
reaction. Consequently it was necessary to use HC“OOH in the demon- 
stration of the reversibility of this reaction. If a reversal occurs, an excess 
of C™ should be found in the carboxy] of pyruvic acid. 

HC®OOCE + CH;COOPO;H; = CH;COC*“OOH + HPO, (3) 
The experiments of Table I show this excess of C™. 
Lipmann and Tuttle (8, 9) obtained pyruvic acid by incubating Eseh- 


1 Kalnitsky, G., Utter, M. F., and Werkman, C. H., unpublished. 
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erichia coli extract with formic acid and acetyl phosphate. Since the 
equilibrium is far toward the side of formic acid and acetyl phosphate, 
only minute amounts of pyruvic acid were obtained. In the present 
experiments, fairly large amounts of pyruvate were incubated in the pres- 
ence of HC“OOH until one-third to two-thirds of the pyruvate had been 
dissimilated. If the reaction is reversible, the residual pyruvate should 
contain excess C. In this manner the difficulties and errors of working 
with very small amounts of pyruvic acid were avoided. 

Previously it has been shown (16) that the principal reaction occurring 
in Escherichia coli extract on pyruvic acid is a conversion to acetic and 
formic acids. In addition, a small amount of lactic acid is formed by the 


TaBLeE | 
Fization of HC“OOH by Escherichia coli in CH;COCOOH 





Excess C3, atom per cent 





l 
. Pyruvic | 
Sane Description “ac id | — 
4v0. utilized 7 —COOH of 
| | | NaHCO: | HCOOH | pe 
we | mM 
1 E. coli extract added, time 0.283 0.06 0.77 0.78 
60 min. (0.94 mm) | (0.58 mm) 
2 E. coli extract added, time 1.69 | 0.01 
0 min. (0.675 mm) | (0.86 mM) 
3 No extract added, time 60 1.73 0 
min. (0.67 mm) | (0.86 mm) 


In Experiments 1 and 2 the cups contained 6 ml. of Escherichia coli extract; all 
cups contained 0.75 mm of NaHCOs,, 0.69 mm of HC“OONa, 0.86 mm of Na pyruvate, 
and 0.25 mm of phosphate (pH 6.8) in a total volume of 18 ml. under an atmosphere 
of 90 per cent Nz and 10 per cent COs. 


dismutation of pyruvate to acetate, carbon dioxide, and lactate, but the 
rate of this reaction is slow compared with that of the phosphoroclastic 
reaction. 

The reaction was carried out by incubating the bacterial extract with the 
sodium salts of HC"OOH and pyruvic acid. When the reaction was 
stopped after 60 minutes, 30 per cent of the pyruvic acid had been broken 
down. The reaction mixture was acidified with 5 ml. of 10 N sulfuric acid, 
and the carbon dioxide liberated from the sodium bicarbonate was collected 
in 2.5 N carbon dioxide-free alkali. The mixture was then largely freed 
of protein by centrifugation. Formic and acetic acids are almost com- 
pletely volatile by steam distillation, whereas pyruvic acid is only about 
60 per cent volatile. By steam distilling the centrifugate twice until 12 
to 14 volumes have been collected, the formic and acetic acids were obtained 
in the distillate, whereas about two-thirds of the pyruvate was present in 
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the combined residues. An excess of ceric sulfate was added to the com- 
bined residues, and after 10 minutes at room temperature in a closed sys. 
tem, ie excess was destroyed by addition of ferrous sulfate and the mixture 
boiled and aerated. The carbon dioxide liberated from the carboxyl group 
was collected in carbon dioxide-free alkali as before. 

The pyruvic acid in the distillate was destroyed by ceric sulfate, the 
mixture filtered, redistilled, and HCOOH oxidized to carbon dioxide and 
water (Osburn et al. (12)). 

Examination of the data in Table I reveals that the pyruvate-COOH and 
HCOOH were in equilibrium as shown by the equal C™ values. Theoreti- 
cal equilibrium values for the two compounds as calculated from the 
amounts of the pyruvate and formate and excess C™ present show that 


Taste II 
C8 Values in Pyruvate-COOH by Yeast Carborylase and by Ceric Sulfate 





0.32 


Pyruvate dissimilated, mu 


Excess C atom per cent 

BCOOH...... ee ee Tee Pee Pee ee eee ee 0.94 

Pyruvate-COOH ............ Sesneeeeeabeoweeced das 
Cerie sulfate............ Cy -y eee ee ppeekvenened 


Yeast carboxylase..... edi svdeabateat Paaadee ereee eet. 0.39* 





The experimental cup contained 12 ml. of Escherichia coli extract, 1.5 mm of 
NaHC0O,, 0.8 mm of HC“OONa (C™ excess = 2.37 atom per cent), 1 mm of phosphate 
(pH 6.8), and 2.3 mm of pyruvate in a total volume of 30 ml. The experiment was 
conducted for 45 minutes under 90 per cent N2 and 10 per cent CO:. 

* Corrected for a small residual of normal CO; present in the yeast preparation as 
determined by acidification. 


both compounds should contain 0.79 excess C“ atom per cent. The valid- 
ity of the separation and analytical methods and the enzymatic nature of 
the reaction are shown by the two controls listed in Table I (Experiments 
2 and 3). 

The very low excess C™ in the bicarbonate demonstrates the almost com- 
plete absence of hydrogenlyase in the bacterial extract. This fact has 
been verified by several experiments; also the preparation is completely 
unable to form carbon dioxide and hydrogen from formic acid. The 
absence of hydrogenlyase makes the data more conclusive. In the presence 
of hydrogenlyase, as shown by experiments with whole cells described later, 
C0, can be fixed in pyruvate-COOH, but some doubt exists as to the path 
of fixation. Combination of a Cs; compound + carbon dioxide compounds 
followed by conversion to a symmetrical molecule and reconversion to 
pyruvate could also result in C" fixation in the pyruvate-COOH. How- 
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ever, since no CO, was present in this experiment with extracts, such a 
mechanism could not play a part. 

The concentration of C™ in the pyruvate-COOH obtained during one 
exchange experiment was determined biologically as well as chemically 
(Table II). Decarboxylation of the residual pyruvate by yeast carboxylase 
and by ceric sulfate gave comparable values. After removal of the carbon 
dioxide by acidification and the proteins by centrifugation, the fermenta- 
tion mixture was steam-distilled three times. The combined residues of 
the three distillations were continuously extracted with ether for 24 hours. 
One portion of the extract containing the pyruvic acid was oxidized with 
ceric sulfate; the remainder was brought to pH 6.2 and the pyruvate 
decarboxylated by Lebedev juice. The carbon dioxide and aldehyde 
formed by the reaction were removed by a continuous passage of nitrogen 
through a series of towers containing sodium bisulfite, potassium perman- 
ganate, and carbon dioxide-free sodium hydroxide. The carbon dioxide 
so obtained has a C™ excess of 0.39 atom per cent as compared to 0.41 for 


the ceric sulfate. 
Effect of Phosphate on Exchange between Formate and Pyruvate 


Since the reaction under study in reality involves phosphorylation, an 
examination of the effect of inorganic phosphate on the rate of exchange 
between HCOOH and pyruvic acid was made. When an excess of phos- 
phate was added to the extract, the rate of exchange was increased (Table 
III). Still more clearly the effect of phosphate appeared when experiments 
were performed with dialyzed extracts. The results recorded in Table IV 
were obtained with an Escherichia coli extract which had been dialyzed for 
40 minutes against ice-cold water. The disappearance of pyruvate is little 
affected by the phosphate concentration in spite of the noticeable stimula- 
tion of the exchange reaction. Accumulation of acetyl phosphate is ex- 
pected to stimulate the exchange since it reacts with HCOOH. Previously 
it has been shown (16) that the concentration of inorganic phosphate plays 
an important réle in the accumulation of acetyl phosphate during pyruvate 
(issimilation. With very low concentrations no demonstrable acetyl phos- 
phate may accumulate, whereas with high phosphate concentrations there 
was little tendency for the acetyl phosphate to dephosphorylate and it 
accumulated in considerable quantities (cf. Table III). 

Already such amounts of acetyl phosphate as were accumulated at rela- 
tively low phosphate concentrations appeared sufficient to maintain rapid 
exchange (Table III). When a considerable excess of synthetic acetyl 
phosphate was added, no increase of turnover was observed. On the 
contrary, a decrease of exchange as well as of pyruvate dissimilation was 
caused. Partly this inhibitory effect persisted with solutions of decom- 
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posed acetyl phosphate and may be attributed to inhibitory impurities, 
A truly inhibitory action on the enzyme system by acetyl phosphate in 
higher concentration, however, is not improbable. The results of these 
experiments were rather erratic and the nature of the effect is under further 
investigation. Sodium acetyl phosphate obtained from the silver salt and 


TaB_e III 
Effect of Phosphate upon Exchange between HC“OOH and CH;COCOOH in Undialyzed 


Extract 
Excess C"%, atom per cent 
. . : Phosphate Pyruvate Acetyl phosphate a sie 
Experiment No. added dissimilated formed Pyruvate- ‘ in 
COOH HCOOH 
mM mM mM r 
l 0.10 0.009 0.59 0.89 
2 0.5 0.189 0.082 0.67 0.75 
3 1.0 0.186 0.086 0.69 0.80 


Each cup contained 7 ml. of undialyzed Escherichia coli extract, 0.09 mm of Na” 
HCO, , 0.64 ma of pyruvate, and 0.69 mm of HCOOH (excess C'* = 1.72 atom per cent) 
in a total volume of 20 ml.; under 90 per cent nitrogen and 10 per cent carbon dioxide 
for 45 minutes at 30.4°. 


Taste lV 
Effect of Phosphate upon Exchange between HC"OOH and CH;COCOOH in Dialyzed 
Extracts 
— Excess C™, atom per cent 
Experiment No. Added phosphate disvimilated a — sal 
Pyruvate-COOH HCOOH 
mM mu : a 
1 0.132 0.12 1.51 
2 0.2 0.14 0.32 1.21 
3 0.4 0.156 0.40 1.14 


Each flask contained 6.0 ml. of dialyzed Escherichia coli juice, 0.6 mm of NaHC0;, 
0.6 mm of pyruvate, and approximately 0.3 mm of HC“OONa (C® = 2.37 atom per 
cent) in a total volume of 16ml. The flasks were incubated for 40 minutes under 9 
per cent nitrogen and 10 per cent carbon dioxide. 


lithium acetyl phosphate obtained by 2-fold reprecipitation with alcohol 
have given similar results so far. 

The pyruvate-COOH and HCOOH were determined by ceric sulfate 
and HgO oxidation respectively after separation as described. 


Exchange between CH3C"OOH and Pyruvic Acid 


To establish more clearly the nature of the C. + C, addition, experiments 
were conducted with CH,C"OOH. If the fixation reaction occurs, the 
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carbonyl group of the residual pyruvate should contain an excess of C™. 
Analysis of the pyruvic acid revealed that a significant excess of C™, 0.14 
atom per cent, was fixed in this position (Table V). In Experiment 2, 
0.11 atom per cent excess C was present in the CH;CO— fraction, which 
gives a value of 0.22 atom per cent for the carbonyl group if all of the 
excess is in this portion of the molecule. Significant fixation occurred, 
however, only with added adenyl pyrophosphate. The exchange between 
CH;C“OOH and pyruvic acid is of necessity slower than that between 


TABLE V 
Fixation of CH;C“OOH in Pyruvic Acid by Escherichia coli Extract 








Experiment 1 Experiment 2 
Compound 4 . = en 
cs C® excess 
excess 
mu | op ent | ma atom per cent 
CH;COCOOH 0.45 0.475 
CH;CO 0.11 (Persulfate oxidation) 
Cco— 0.14 0.22 (Calculated) 
CH;,;COOH 0.90 1.79 | 1.55 1.78 
COOH (calculated) | 3.58 3.56 


HCOOH aS 0.57 0.01 | 

Experiment 1—8.0 ml. of Escherichia coli extract, 0.6 mm of NaHCO;, 1.0 mm of 
phosphate (pH 6.8), 0.72 mm of CH;C“OOH (C® of —COOH = 5.07 atom per cent), 
0.4mm of HCOONa, 0.65 mm of pyruvate, and 10 mg. of adenyl pyrophosphate in a 
total volume of 22 ml. Time, 75 minutes; atmosphere, 90 per cent N»2 and 10 per 
cent COs. 

Experiment 2—12 ml. of Escherichia coli extract, 1.5 mm of NaHCO,, 1.0 mM of 
phosphate (pH 6.8), 1.16 mm of CH;C“OOH (C® of —COOH = 5.07 atom per cent), 
0.9 mm of pyruvate, and 20 mg. of adenyl pyrophosphate in a total volume of 32 ml. 








Time, 75 minutes; atmosphere, 90 per cent Nz and 10 per cent COx. 


HC*OOH and pyruvic acid, since two reactions rather than one are in- 
volved in the former case. The reversibility of Reaction 4 has been shown 
by Lipmann (7). 


2CH;C"OOH + adenyl pyrophosphate = CH;C“OOPO;H, + adenylic acid (4) 
CH;C®OOPO;H, + HCOOH = CH;C*OCOOH + H;PO, (5) 


Reaction 5 completes the exchange of CH;C"OOH and pyruvic acid. 
Since adenyl pyrophosphate is an integral part of Reaction 4, its presence 
is necessary for the exchange reaction. The effect of adenyl pyrophosphate 
is shown in Table VI. 

The fermentation liquid was twice steam-distilled and the combined 
residues extracted with ether. The extracted pyruvic acid was decom- 
posed by yeast carboxylase. The CH;CHO trapped in sodium bisulfite 
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solution was decomposed by the iodoform reaction. The —CHO group, 
representing the carbonyl group of the pyruvate molecule, was converted 
to HCOOH and the CH;— group to CHI;. The iodoform was filtered off: 
the HCOOH was recovered by steam distillation and then oxidized by Hg0, 
In another experiment pyruvate was converted to acetate and carbon 
dioxide by ceric sulfate oxidation and the acetate or CH;CO— portion of 
the pyruvate was oxidized to carbon dioxide by persulfate (12). 

The distillate containing acetic and formic acids was again twice redis- 
tilled and was then free of pyruvic acid. Formic acid was removed by 


TaBLe VI 


Effect of Adenyl Pyrophosphate on Fixation of CH;C“%OOH in Pyruvic Acid 


Experiment No Adenyl pyrophosphate added C¥ excess in —CO— of pyruvate* 
mg. per ml aiom per cent 
1 0 0.05 
2 0 0.05 
3 0 0.02 
3a 0.45 0.14 
4 0.62 0.22 


Experiments 3 and 3a are parallel experiments with the same sample of extract. 
The others were carried out with different extracts. Otherwise the experiments were 
carried out in approximately the same manner. See Table V for greater detail as to 
the set-up; Experiments 3a and 4 are the same as Experiments 1 and 2 in Table V. 

* Values determined directly as —CO— in Experiments 2, 3, and 3a and calculated 
from the C™ content of CH,;,CO— in Experiments 1 and 4. 


HgO oxidation and after filtration and redistillation the acetate was 
oxidized to carbon dioxide by persulfate. 


Fixation of C"Oz2 in Pyruvic Acid by Viable Escherichia coli 


Although the cell-free preparation from Escherichia coli contains no 
hydrogenlyase, whole cell suspensions of the organism are able to convert 
C0, first to HC"OOH and then to CH;COC"OOH (Reactions 2 and 3). 
Results of such an experiment are shown in Table VII. The experiment 
was conducted by placing NaHCO; and formic acid in one side arm and 
the pyruvic acid in the second side arm. After preliminary equilibration, 
the formic acid buffer-cell mixture was allowed to incubate for 60 minutes, 
when the pyruvie acid was added and the reaction allowed to proceed for 
an additional 40 minutes. 

The —COOH of the residual pyruvate contained an excess of 0.37 atom 
per cent C™, and the HCOOH contained 1.99 atom per cent excess C”. 
It is possible that some of the CO, in the pyruvate may have been fixed 


fa 
fo 
in 
cl: 
re 
tic 


ob 
OX 
ot! 
re’ 
lay 
bu 


lik 


UTTER, LIPMANN, AND WERKMAN 529 


by a route involving Cs; + C, addition. Escherichia coli grown on a 
carbohydrate medium, however, does not form appreciable quantities of 
succinic acid, and it is doubtful whether the C; + C, addition plays an 
appreciable réle in these cells. In any case the path for CO, fixation in 
pyruvate by hydrogenlyase and the phosphoroclastic reactions has been 
definitely established in these cells, whereas the other has not. 

In general, the reaction mixture was treated by methods already dis- 














cussed. 
Taste VII 
Fization of C¥O, in Pyruvic Acid by Cell Suspension of Escherichia coli 
Compounds | Excess C™ 
ta hi 1 g is ite ae on alom per cent 
EY OS cee cee che otuboeeaeueede 0.23 
CH;CO—..... wi , idee eae 0 
—COOH ude ree F 0.37 
HCOOH | 2.05 1.99 
CH;COOH 0.73 | 0.01 
2.44 
} 


NaHCO; cee ooo! 





The manometric flask contained 7 ml. of a 15 per cent suspension of EZ. coli, 1.8 mm 
of NaHCO; (C™ = 4.75 atom per cent), 1.2 mm of pyruvate; 1.4 mm of HCOONa, 
and 1.5 mm of phosphate (pH 6.6) in a total volume of 30 ml. The experiment was 
conducted under H; for a total time of 100 minutes. Approximately 0.97 mm of 
pyruvate was fermented. 


DISCUSSION 

The phosphoroclastic reaction is limited to a number of bacteria of the 
family Bacteriaceae. However, the other similar reactions involving the 
formation of acetic acid and carbon dioxide from pyruvate are well known 
in other bacteria and in tissue. These reactions differ from the phosphoro- 
clastic mainly with regard to the reduced substance formed. If these 
reactions give rise to acetyl phosphate rather than acetic acid, these reac- 
tions also may prove reversible. 

Koepsell, Johnson, and Meek (2) have reported that an enzyme system 
obtained from Clostridium butylicum forms acetyl phosphate, carbon di- 
oxide, and hydrogen. Hydrogen inhibits the reaction and for this and 
other reasons reversibility is suggested (9). As strong evidence for the 
reversibility of this reaction, Brown, Wood, and Werkman? have found a 
large excess of C* in the COOH group of lactic acid formed by Clostridium 
bulylicum from glucose in the presence of C“O,. The fixation seems un- 
likely to have taken place by C; + C, addition, since the investigation 


* Brown, R. W., Wood, H. G., and Werkman, C. H., unpublished. 
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revealed that this organism shows little activity on the C,-dicarboxylie 
acids. Slade et al. (14) also report fixation of C“O: in lactate-COOH by 
Cl. welchii and Cl. acetobutylicum in spite of the fact that no C.-dicarboxylie 
acids were formed during the fermentation. A C, + C; condensation 
can easily account for this fixation, although direct proof is lacking. 

The dismutation of pyruvic acid to lactic and acetic acids and carbon 
dioxide has been shown in bacteria (11, 4) and in tissue (6). By analogy 
it seems possible that this reaction may also prove reversible. 

Certain data already incorporated in the literature may need further 
examination. Slade and Werkman (13) found that Aerobacter indologenes 
acting upon CH;C“OOH or C"H;C*OOH in the presence of glucose forms 
2,3-butylene glycol containing C" in the carbinol carbons in the case of 
CH;C*“OOH and in all carbons in the addition of C"H;C“OOH. Slade 
and Werkman (13) s:zested that a conversion of the C™ acetate to acetal- 
dehyde followed by condensation could account for the C” content of 2,3- 
butylene glycol. An alternate explanation is now possible by which ace- 
tate is converted to pyruvic acid and the latter converted to 2 ,3-butylene 
glycol without the necessary intervention of acetaldehyde. 


SUMMARY 

1. When pyruvic acid is dissimilated by Escherichia coli extract in the 
presence of HC"OOH, the residual pyruvate is shown to contain excess 
C® in the carboxyl group, which is evidence for reversibility of the pyruvate 
split. 

2. Addition of inorganic phosphate to dialyzed Escherichia coli extract 
increases the rate of exchange. 

3. When pyruvic acid is broken down in the presence of CH;C"OOH 
and of adenyl pyrophosphate, the residual pyruvate contains excess of C® 
in the carbonyl group. 

4. Intact cells of Escherichia coli acting upon pyruvic acid in the presence 
| NaHCO; fix C™ in the carboxyl group of pyruvic acid. 
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LETTERS TO THE EDITORS 





ENHANCEMENT OF ANTIBODY PRODUCTION 


Sirs: 

Since the liver is considered to be one of the sites of serum globulin 
formation, we felt that the stimulation of this organ during active immun- 
ization should effect an increase in antibody production. A soluble liver 
extract fortified with the vitamins of the 5b complex? was administered 
parenterally to test animals while they were being immunized to Salmonella 
schottmiilleri. The test animals were then bled and the antibody titers 
of the immune sera determined by agglutination and mouse protection 
tests.* 

A strain of Salmonella schottmiillert, No. 200 in the American Type 
Culture Collection, was employed as the antigen. A vaccine containing 
approximately 3 billion organisms per ml. was prepared by. suspending 
the organisms in 0.2 per cent formaldehyde in isotonic saline. 

Preliminary blank agglutination titers were negative in the sera of each 
of the six rabbits used, which then received a total of 5.6 ml. of vaccine in 
seven equal doses, one every 3 days. Three of the animals also received 
seven 0.5 ml. doses of the fortified liver extract. All injections were intra- 
muscular. 

30 days after the last injection the animals were bled from the heart and 
agglutination titers and mouse protection tests performed on the sera. 
In the table are listed the numbers of deaths, in groups of eight animals in 
every instance, after the injection of 5 million organisms of strain 200 
Salmonella schottmiilleri into mice which had received 0.5 ml. amounts of 
the designated sera at the dilutions indicated. 

The results of the tests, when expressed in per cent survival, at serum 
dilutions of 1:200, 1:400, and 1:800 show 100, 62, and 25 per cent respec- 
tively for the sera of the treated rabbits, compared to 50, 8, and 0 per cent 
respectively for the sera of the controls. 

A similar result was obtained with a more virulent strain of Salmonella 
schottmiilleri as the challenging organism. With serum dilutions of 1:100, 

‘Sabin, F. R., J. Exp. Med., 70, 67 (1939), and references quoted by her. 

? The fortified liver extract used was the ‘“Combex parenteral’ of Parke, Davis 
and Company provided through the courtesy of the manufacturers. 

*The authors wish to express their appreciation to Major George F. Luippold, 
United States Army, Sanitary Corps, Chief, Division of Typhoid Research, Army 
Medical School, Army Medical Center, Washington, for his generous cooperation in 
performing the mouse protection tests. 
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Results of Agglutination and Mouse Protection Tests 

















Agglutination titers of No. of deaths per 8 mice I 
Animal No immune sera* . a a 
+ + 1: 200 1: 400 1: 800 2 
- Si 
1 (Control) 1/320 1/640 2 6 8 
2 se 1/640 1/1280 6 Ss 8 
3 sis 1/320 1/640 ft S 8 g 
4 (Treated) 1/2560 1/5120 0 5 S | 2 
goe 1/2560 1/5120 0 0 2 a 
6 9 1/2560 1/5120 0 4 8 st 
. — AA tage a al 
* Incubated at 56° for 2 hours; titers read after refrigeration overnight. ct 
1:200, and 1:400, the survival was 100, 75, and 67 per cent respectively | a 
of the mice protected by the sera of the treated rabbits compared to 92. | ™ 
33, and 0 per cent respectively with the sera of the control rabbits. B 
Administration of the fortified liver extract during immunization thus hi 
appears to increase the production of antibodies. a 
‘ ra 
Department of Biological Chemistry Henry S. MILone th 
Georgetown University Schools of Medicine and PasquaLe J. PESARE of 
Dentistry FLETCHER P. Vertcu, Jr. 
: cy 
Washington - 
| oe 
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INTERFERENCE BY CYSTINE WITH THE QUANTITATIVE 
NITROPRUSSIDE TEST FOR METHIONINE 


Sirs: 


Application of the colorimetric methionine method of McCarthy and 
Sullivan? to hydrolysates of bovine serum albumin showed that the red 
color developed on acidification fades badly during the 5 to 10 minutes 
standing time before measurement specified by the authors. Since bovine 
albumin was the only one of many proteins analyzed by this method to 
show this fading, it was conjectured that it must be due to an abnormal 
amino acid ratio peculiar to the bovine albumin molecule. Inspection of 
tables for the amino acid content of serum albumins as determined by 
Brand, Kassell, and Saidel* revealed that all of the serum albumins have 
high ratios of cystine to methionine. The values given for bovine albumin 
are as follows: half cystine 5.41 per cent, methionine 0.81 per cent. This 
ratio is far greater than that used by McCarthy and Sullivan in testing 
their method (cystine 10, methionine 15). Hence we determined the effect 
of larger quantities of cystine on the methionine reaction and also added 
cystine to a protein which in itself showed no abnormality. Gelatin was 
chosen for the latter test, because it appears to be free from cystine and 
shows about 0.9 per cent methionine by the nitroprusside test. Both the 
standards and protein samples were hydrolyzed by boiling for 18 hours 
with 20 per cent HCl and ere treated with charcoal prior to analysis. 
Transmittance measurements were made against water as reference at 
520 mu in the Coleman model 11 spectrophotometer. Two measurements 
were made, the first immediately after formation of the color, and the 
second after 10 minutes standing. The results are shown in the table. 


Amount Transmit- | Transmit- Methionine content based 


ce after : . : 
used tance tance alte on immediate reading 


Material hydrolyzed c 
immediately! 10 min. 


még. | meg. 
; 60.0 | 60.0 0.0 
Methionine. . wes 1.04 22.4 | 22.4 1.04 (Standard) 
- Ee a, 1.04 
29 | 429 
CG, ck wie oe wee 10.0 | 43.8 ae | on 
Albumin...... ~ | 96 | 27.3 44.3 | 0.81 (0.85%) 
Gelatin. .... | 113 23.1 | 23.0 0.98 (0.87%) 
a eds ee eecees peeel 5 | , 
i | we | 49.3 | 0.80 (0.85% 
| | 


re ie ee 10 





From a comparison of the two transmittance readings (third and fourth 
columns) it is clear that cystine, when present in high ratios to methionine, 
' McCarthy, T. E., and Sullivan, M. X., J. Biol. Chem., 141, 871 (1941). 
* Brand, E., Kassell, B., and Saidel, L. J., J. Clin. Invest., 28, 437 (1944). 
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causes the color to fade badly and renders useless readings made after 199 
minutes standing. However, when the methionine content is calculated 
on the basis of readings made immediately (fifth column), the difficulty ig} 
eliminated. 

It is admitted that there are some objections to immediate readings, 
but until a chemical method is found for the elimination of the effect of 
cystine there is no alternative. 


The Armour Research Laboratories WILFRED Warre 
Chicago F. C. Kocu 


Received for publication, February 23, 1945 
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